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L OBJECTIVES OF PROGRAM

The broad objectives of this program were to extend our understanding of the electrical

properties of layered semiconductors employed for low noise amplification, generation and

detection of high frequency radiation in large scale integrated circuit technologies. The present

research program developed and exploited nondestructive techniques to analyze imperfections in

layered semiconductors utilizing optical coupled with electrical measurements, requiring no special

processing, and can be used on substrates and epitaxial layers to map crystal quality and electrical

characteristics. The techniques of infrared wavelength modulation, photo-induced-transient-

spectroscopy, Raman scattering, and photo-mixing were employed; the combination of these enable

a determination of impurity concentration, structural defects, recombination rates, and transport

properties by optical means.

I. SUMMARY OF ACCOMPLISHMENTS

A. Deep Level Derivative Spectroscopy

An infared wavelength modulated spectrometer system was developed which is capable of

measuring changes in the absorption or reflection of one part in 105 in the spectral region from

0.2-20 gm. The system consists of a modified grating monochromator. The modulation of the

wavelength is accomplished by oscillating an output diagonal mirror and thus is equally applicable

for any wavelength in the spectral range of the microchromator and the amplitude of wavelength

-2modulation can be continuously varied up to AA/A-10 - . The wavelength modulation technique

yields essentially the energy derivatives of the absorption coefficient. To obtain the absolute value

of the absorption coefficient, one numerically integrates the observed derivative spectra and the

constant of integration is supplied by a direct loss measurement in the same apparatus at a fixed

wavelength where the absorption can be measured with good precision.

We have demonstrated that the infrared wavelenth modulation system can detect impurity

concentrations at levels of 10 12-10 14/cm 3 in semiconductors; previously, it had only been only

prvosl, oly ol
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possible to study such concentrations by junction techniques, and consequently it was not possible

to observe absorption thresholds and excited states of deep impurities.

A detailed study of the derivative absorption of GaAs:Cr was completed. The extensive fine

structure observed for the first time out of a previously observed smooth absorption background by

+4 +3
conventional absorption techniques was correlated with a proposed energy scheme for (Cr -Cr+ )

ions in GaAs. This work indicates that a comparable number of Cr ions are at tetragonal and

trigonal sites. This work has been published; a reprint of this publication is included in the

Appendix of this report.

The versatility of this system was further demonstrated by a study of the band structure of

metal alloys reported in a series of papers included as reprints in the Appendix.

A study of bulk and surface absorption in a range of materials employed this system. The

results of the study of deep levels in semi-insulating GaAs, surface layers on Si, GaAs, and

HgCdTe, oxygen complexes in floating zone silicon and the determination of strain ion due to

implanted layers was presented in various publications, reprints of which are included in the

Appendix.

The results of the above studies demonstrate that the wavelength modulation system we have

developed is a unique tool for studying low level absorption in materials. The sensitivity of the

method as well as the unambigous line shapes obtained allow one to identify excited states as well

as ground states of defects in semiconductors, as opposed to electrical methods such as the variety

of DLTS techniques, which are essentially thermal methods and merely determine ground states. At

present there is a tendency to utilize FTIR techniques to arrive at material characterization

standards for impurity concentrations in semiAconductors for the microelectronics industry. This

approach depends upon the multiplexing advantage of interferometry if one desires to examine a

broad spectral range. However, when one has a narrow spectral range to identify energy levels,

the multiplexing advantage of interferometry vanishes and infrared wavelength modulation will

have a greater sensitivity.

.. . A , "", "~~-' - p .. " " ""-"" " " ' ' "
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B. Photo-Induced-Transint-Spectroscopy of Semi-Insulating (LEC) GaAs.

Acomputercontrolledphoto-induced-transient-spectrometer(P.I.T.S.)wasconstructedand

employed for the study of the electrical manifestations of deep levels in semi-insulating GaAs. A

detailed study was completed of the levels in LEC GaAs in sections of the same samples that were

employed for our wavelength modulation measurements so as to obtain a possible correlation

between optical absorption and the P.I.T.S. measurements. Measurements were performed on

samples which received a variety of heat treatment.

A rich spectrum of deep levels were observed in samples not subjected to any heat treatment

after they were initially grown. However, there was significant differences between the as-grown

samples and the same samples which received head treatment. Levels at 0.52, 0.42 and 0.36 eV

in as-grown samples readily annealed; there seems to be a correlation between there P.I.T.S. results

and similar levels observed in our wavelength modulation measurements which were identified as

structural defects. However, an exact correlation by these different methods must take into

account the fact that the P.I.T.S. results yield information on the thermal emission rates from a

level to a band, whereas the optical absorption measurement yields information regarding intra-

center as well as transitions to bands before thermal relaxation.

This work has been submitted for publication to The Journal of Physics and Chemistry of

Solids, a preprint of which has been included in the Appendix. A complete exposition of this

work is contained in a thesis by M.Burd entitled: "A Study of Deep Levels in Semi-Insulating

Layers ofLiquid- Encapsulated-Czochralski-Grown Gallium Arsenide by Photo- Induced-Transient-

Spectroscopy."

AFurther study of the observed levels which readily anneal out and reappear upon thermal

quenching is worthy of future study in GaAs and other III-IV and I-VI compounds; the proclivity

of these material to contain annealable defects can be exploited for device fabrication.
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C. Raman Backscattering

Raman backscattering was employed as a non-destructive technique for the study of

surface treatment, strain due to passivation layers, and changes in the space-charge layer near the

surface. By observing the changes in the width and position of the LO phonon in the depletion

layer, inhomogeneous strain associated with lattice defects can be inferred. From the shift of the

high frequency coupled L+ mode in the bulk beyond the depletion layer it was possible to observe

increases or decreases in the charge carrier concentration near the surface depending on the surface

treatment.

The growth of an oxide in a III-V compound surface is a topic of current research with both

technological and fundamental interest. Some insight into the kinetics of the oxidation of GaAs

was obtained by studying the time dependence of the growth of crystalline arsenic during the

oxidation of GaAs as monitored by Raman backscattering. It was found that a surface diffusion

process rather than bulk diffusion, as was formerly thought, is operative for the production of

elemental arsenic. An enhancement of the growth of crystalline arsenic was observed due to 5145

A illumination. These measurements have shown that the surface diffusion barrier energies and

sticking coefficients involved in arsenic grain growth are determined by the charge states of the

grain, which in turn is determined by the Fermi level of the GaAs substrate.

This work has been completed and has been submitted for publication in The Journal of

Physical Chemistry of Solids. A preprint of this work entitled "Arsenic Growth on the Gallium

Arsenide Surface During Oxidation" is included in the Appendix. A more complete exposition of

this work is contained in a thesis by R. Martin entitled: "Raman Scattering from Subsurface

Regions of Semiconductors."

The above work indicates that Raman scattering is an exellent technique for monitoring the

surface condition of semiconductors. The use of this technique for studying nucleation processes

during interface growth is worthy of continued study.
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D. Photo-Mixing Determination of Hot-Carrier Drift Velocities

A technique of photo-mixing was developed to measure drift velocities in the hot-carrier

small distance regimes in semiconductors. The method consists of mixing two microchromatic

optical frequencies to generate a microwave difference frequency (co) whose power is independent

of (r) [the minority carrier lifetime] and is proportional to the drift mobility squared if o >> 1. If

wot - 1 or JY? C 1 the output power depends on the lifetime. By measuring the microwave power,

the dark current, and the photo-current as a function of electric field, the field dependence of the

drift velocity and lifetime as a function of temperature can be determined. Measurements were

made on GaAs, HgCdTe, and Si with contact separations of the order of microns. Extensive

measurements were made on the field and temperature dependence of the carrier lifetimes in GaAs

which gave some insight into the little known extrinsic recombination centers in GaAs. Abstracts

pp. of this work were given at the International Conference on the Physics of Semiconductors,

Stockholm, talks at Wright Patterson Airforce Base, the Aerojet ElectroSystems at Azuza, and the

March 1987 Meeting of the American Physical Society; Publications of this work are in

preparation.

The technique of photo-mixing is proving to be a useful technique to measure transport

properties in the small channel regime. Measurements up to the present were performed on

micron channels; the sensitivity of the technique will allow measurements in sub-micron structures

in the ballistic and velocity overshoot regimes.

E. Collaborative Work on HgCdTe.
Although the dominant effort in this program was directed toward GaAs some

collaborative work was conducted with groups involved in the characterization of HgCdTe.

Reprints of the resulting publications are included in the Appendix.
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III. SUMMARY AND CONCLUSION

The techniques of infrared wavelength modulation, photo-induced-transient spectroscopy,

Raman Scattering, and photo-mixing form a combination of nondestructive techniques to determine

deep levels, surface properties, and transport processes in a wide class of semiconductors. The

above nondestructive analytical techniques enable a rapid assessment of the initial characteristics of

the semiconductor as well as changes that may occur during device processing and can ultimately

be used on the production line.

"i
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DERIVATIVE ABSORPTION SPECTROSCOPY OF GaAs:Cr

a)(a) (b)(b
R. Braunstein 

(a ) 
R.K. Kim , D. Matthews , and M. Braunstein(b)

(a.) Physics Department, University of California, Los Angeles, U.S.A. 90024
(b.) Hughes Research Laboratories, Malibu, Calif., U.S.A. 90265

Infrared wavelength modulation measurements at 300K in the spectral range 0.5-1.4 eV
on semi-insulating n and p-type Cr doped GaAs have revealed extensive fine structure
with variations in absorption coefficient AK % 10-I -10-

2
cm

-1 
out of a relatively

smoothly varying background absorption of 1-2 cm
"1
. These results can be interpreted

in terms of transitions from (Cr
3+ - Cr

2 
) to the valence and conduction bands and

excited states.

1. 11TRODUCTION - EXPERIMENTAL PROCEDURES The samples were all semi-insulating and con-
tained l0

6
/cm

3 
Cr and where grown by horizon-

Although the deep levels of Cr in GaAs have been tal Bridgman techniques. The samples in
extensively studied by luminescence, absorption, Figure I were highly compensated while those in
photoconductivity and junction techniques, there Figure 2a and 2b were slightly more p and n-type
are still questions concerning the possible respectively. Although quantitative measure-
energy level schemes of this important deep ments of shallow donor or acceptor compensation
impurity. In general, excited states are not are difficult for such high resistivity samples,
observed by the above techniques and absorption qualitative differences in n and p-type were
thresholds are not easiiL observed. We have measured by the changes in the characteristics
developed an infrared wavelength modulated of the space-charge limited I-V curves under
spectrometer that is capable of detecting illumination and in the dark.
changes in absorption of a part in 105 out of
a relatively smoothly varying background in The general features of the data exhibit
the spectral range 0.05-5.0 eV. Consequently, clusters of lines in the 0.5-0.7, 0.8-0.95
our detection limit for concentrations of and the 0.95-1.05 eV regions with extensive
deep levels is i012-i014/cm

3 
which was previously fine structure in every region, but with more

only possible by DLTS techniques. It has been pronounced structures in the 0.8-0.93 eV
possible to observe absorption thresholds and range. Previous conventional absorption
excited states in highly transparent solidm(1). measurements have shown a no-phonon line in
in the present work, we report the results cz the 0.82 region (2) and a broaif continu-:m
a study of semi-insulating GaAs:Cr compensated peaking at 0.9 eV for n-type material. In
with n and p-type impurities. Structures the 0.5-0.72 eV region, previous absorption
have been resolved in previously reported measurements showed no fine structures but a
smoothly varying absorption bands which we smoothly varying free carrier absorption. A
interpret in terms of the level of Cr at various number of luminescence bands have been observed
lattice sites. The infrared wavelength in GaAs:Cr in the range 0.57-0.81 eV, but
modulation system used in our work has been their interpretation has been difficult 3).
previously described (1).

The relative magnitudes and the fine details
2. RESULTS vary from sample to sample as seen in FLgures 1

and 2, but the envelopes of the dominant
Figures I and 2 show the integrated derivative structures tend to vary in a systematic fashion
wavelength data of semi-insulating GaAs:Cr with a degree of compensation. Samples in
at 300K with varying degrees of shallow donor Figure I show essentially the same features
and acceptor compensations. The constants of but the sample in Figure lb exhibits finer
integration were supplied by direct absorption structure at 0.8-0.9 eV while the bands in
measurements. Although data was taken in the the 0.5-0.72 eV have somewhat the same
spectral range 0.5-1.5 eV, for purposes of the relative intensities. These samples were from
present discussion, we shall discuss the data the same crystal, but different parts of a
for the 0.5-1.2 eV region since the vast sinqle wafer. The samples in Figure 2a and 2b
literature on 5aAs:Cr has considered this were more heavily doped p and n-type res-
regime. The region above 1.2 eV shows structures pectively than the samples in Fioure I. It
which can be associated with transitions from should be noted that the relative intensities

1/ the -,2* ground state to the X and L conduction of the 0.5-0.72 eV bands chancre in Fijures 2a
bands as well as ELI structures. The scale of and 2b with the 0.,

7 
band enhanced in the

the absorption should oe noted; in general the n-type sample while the 0.58 eV band is
best previous absorption data have a precision enhanced in the p-type sample and the general
of LK .0.1 n

-  
2). The present work reveals level of absorition has increased over that

structures at levels of K 10
-
2 cm-1 in samples of Figure 1. In addition, in the ,-tyre

of the order of Imm tnick. sample, the cluster of lines between 0.8 eV

0 378-4363/83/0000 -0OOO0/03.00 © 1983 Norllh.lollind
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- .35 e'.' reqion :an be associated with valence The -uimnescence bands in 3aAs:Cr at 0.57, 0.61,
ban. :o 2r

3
. P, and P, transitions. Various 0.,-4, 3.u6 eV have been Jifficult to interpret;

•stimates nave been made of the magnitude 3f it "as been suggested that the 0.57 and 0,61 eV
tne Jahn-reller distortion for C-* and these bands are due to the transition trom a Cr

have .aried from :75 cm- to -00 cm
-  

(2). -f to 'ne valence band and from the conduction3
.e take tne teak at 0.95 eV and the shoulder band to a Cr 6). The 0.62 eV band is

at 1.34 eV as due to the transitions from the alwas present in n-type material wnile in

valence band to 5B, T), P , and 5E(5T,), P, semi-insulating or p-type GaAs:Cr the 0.57 eV

resvectlvel. tne Jann-Tel5er distortion EaT is more intense, while accompanied o-' the
30 _m 5he transition 59-E has not been 3.J eV band and thus can be attributed to the

seen in abscrotion in ;aAs:Cr despite extensive :r state. Arguments have recently been
st-aies wnin mereiy v reveal free carrier advanced that dispute that the 0.539 eV and
iozsr.,tion in this reion. the no-pnonon line as beinc velatei to a

single Cr acceptor center in a tetrauonal 3a

site (3). It has been rror.osed that the
x 0.829 eV band and the 0.574 0.535 eV lines

are due to Cr at a y3v symmetry site induced
L by zouplinq of a chromium atom at an inter-

stitial or on a 3a site to a first nei.hbor
(5VA 1  impurity (2) . For a triqonal field, C

2
v'

S '\ this work snows that there is a -orderinj of

the Cr levels different from the tetraqonai site

shown in Fioure 3. For intersitiai cnromiamP, at a trigcnal C3v site coupled to in Acceptor,

P1  the orderinq of the orbital levels are 5, 5,

ano 
5
E from lower to ujrper. , :hile for a sub-

PF rst;,tutional chromium at '-;, symmetr, site couled
SF, to a ionor the ordering from lower to ipcer is

212T 2) 
5
E, Al, 

5
E. The 0.574 eV and its associated

2 emission are interpreted as transitions :rcm

82 the iround state to the valence band.

:t is stronglv sucgestive that the absorption
bands observed in the p;resent work are relateo

P2 P3 to the luminescence bands in this srectral
reo.ion. It snould be noted that for the
sarnries in Fiures -a and 2.,wnic" have a
slzttlv hi-her dovina, the level of aLsorztion

VB is ,reater for these bands than in the more
ccm nensated sam-les of Ftzures 13 and lb. In
the n-type sample Df Fiqure 2a, the .lSS eV

- .,re J. E:s." "e,.'el:5 C: - )ns in line is ennanced over the 3.641 eV line, .nile
for the n-tvie sample the J.671 eV ine is
enhancedi aver the a., 3.o2 and .64 e'.' lines.

A zno *n al! c_ r atsorntion measurements show Thus it seems that these absornt-on bands -an
extensive -2t. re In the .5- 3.3 eV - more be the comrlements of the luminesence bands.

n M Sn-' amoles, most previous measure- The ;omuiex-t. af this structure is evident
7ents .now a crod3a peaK around -3. e'.'. Recently ani if tne, are due to -, tritonal s'rmetr'

a: azAorrtln band at C.)2 eV and a no- due to coutlin, witn Zr to lonor or accej-tor
ncn?: ine !;ave ceen resoved and have been oomrioxes0 the subtle canues are due to
*: e'.o.'ete as toe interval transit:on '.5 ,,,- de-:ree -f confersatLon and conse,-*uent position

t is of interest to note that of th Fermi level in these four semi-
'::eV 71ne strotre around ). eV in 7io'ure I ins-ulotin, sami ies. The level of aisorrtion
- -':e iue to these no-rnanon lines, althou,in in .he 3. - .-2 eV and 3.85 - 1.J5 eV recions
,r n7casrements were nerformei at "OK while woul, inuicate that about a comuarable number

be vo.e wor: was at 4K. Liminescence at -'r atoms are at tetraoonal and tri:onal
ex; erim !ita n.e shown. a -. a at ). 1'1 0. and
a :cc-'nonor.e at ).i

3
'9 eV 5) . These lines

.a',cmroni'." been considered to be an internal Ackowidjemnt
-T transiticn if fr however, ct has been

:-u that tne :toond s-littin,i c "t:.e . 3 - Vc v,lild like to thank K.. ,ramm, R.E. Le
.' i:.e is .nzinsistent with £.-. . muaremonts ani S. Kam.th for fruitful )mscuaseons....e

.-. :,.A. work was Ou tt d b'.' AF P -
AFr/-2A;23Z-,Si- -3,i, 4 iil A.li."aroma~ - M12F,'.
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De-Correlation Technique for Separation of Drude Parameters
from Wavelength Modulation Spectroscopy Data')

By

M. Buzz>, R. STzAmRss), and R. BRAuNB

Separation of bound- and free-electron contributionsto the dielectric function is necessary for an
accurate snal~ais of interband transitions. A technique for doing this separation which does not
require low energy data is presented. The technique makes use of the fact that the functions which
describe the contributions of each part are sufficiently uncorrelated, allowing the construction of
a correlation function which uses the Drude effective mass and Drude relaxation time as adjustable
parameters. The technique is shown to properly separate a test function and to yield reasonable
results from experimental data.

Une analyse rigoureuse des transitions entre bandes ncessite une sipartion entre les contributions
des 6lectrons libres et celles des 6lectrons lids. Nous pr46sentons ici une technique pour iffectuer une
tells s6paration qui n'exige pas de donn6es i bsse energie. La technique en question utilise le fait
que les fonctions d6crivant lea deux types de contributions mont suffisemment non corrblies. Cela
permet de construire une fonction de corrilation en faisant de Is masne iffective de Drude et du
temps de relaxation de Drude des parsmitres ajustables. Nous montions que cette technique u6pare
proprement une fonction test et fournit des rdsultats raisonnables & partir de donn6es experimen-
tales.

1. Introduction

The dielectric function, e(w), contains important information about the optical proper-
ties of solids. It is defined as the response of a crystal to an electromagnetic field,

D(wo) - e(ai) E(w) - (1)
The dielectric function is sensitive to the electronic band structure of the material,
and the determination of the dielectric function by optical spectroscopy is an important
tool for investigating the overall band structure.

The broad bands found in solid state spectroscopy are convolutions of a number of
contributions which emerge when derivatives of the reflectance are taken. A number
of modulation techniques are available, which include temperature [1, 21, electric
field [3, 4], pressure or uniaxial stress [5, 6] modulation. Wavelength modulation is
employed in these studies because of the unambiguous lineshapes which emerge
(7 to I I]. Transitions are strongest at points where the lower and upper bands are
parallel, i.e., at frequencies which satisfy

V,[E,(k) - E,(k)) - 0, (2)

where E. and E, are the energies of the upper and lower bands, respectively. At these
critical points in k-space, which are the van Hove singularities [12], the joint density

1) Les Angeles, California 90024, USA.
2) Work supported in part by U.S. Army Research Office, Durham, North Carolina, and by

the Air Force Office of Scientific Research.
8) Current address: TRW Technology Research Center, El Segundo, CA 90245, USA.



102 M. Buab, R. STzAaxS, and R. Baarx:EX%

! of states is snua.These critical ponsdominate the interband structure of the

reflectivity spectrum. With the proper experimental feedback, band-to-band energy
differences can be calculated with an accuracy of 0.1 eV. Energy band calculations are
usually adjusted to fit the results of optical determinations of interband transition
energies.

It is necessary to find the real and imaginary parts of the dielectric function, e, and
e2, and their derivatives to examine the interband structure of the material under
study. However, the dielectric function may not be directly available from experimen-
tal measurements. In some experiments, the reflectivity, R(w), is obtained by inte-
grating the data from wavelength modulation spectroscopy; the real and imaginary
parts of the dielectric function are subsequently calculated by a Kramers-Kronig
analysis [13]. When the material being studied is a metal or metal alloy, however,
another step is needed. The dielectric function is the sum of two parts, a contribution
due to interband structure and a contribution due to intraband transitions of the
electrons at the Fermi level in the partially filled conduction bands. In order to sepa-
rate the interband and intraband transitions, low-energy data are required which
sometimes are not readily available.

We report a new technique for separating these contributions. For continuity of
presentation, Section 2 of this paper will review the classical formalism which is used
to describe the intraband contribution. Section 3 will deal with the interband struc-
ture, and Section 4 will present the new method of separation.

2. Classical Drude Theory

The classical Drude theory of the electronic properties of solids is due mainly to
Lorentz [14] and Drude [15]. The Lorentz model assumes that an electron bound to
the nucleus of an atom may be dealt with in much the same way as a small mass bound
to a large mass by a spring. A classical damped oscillator model yields the Lorentz
dielectric function

I 4xNe2 1 (3)
m (WO - )- i

where r is a viscous damping coefficient, N the electron density, and m(02r is a Hooke's
law force. The Drude model for metals is derived from the Lorentz model; the con-
duction electrons in a metal are not bound to a nucleus so the restoring force is set
equal to zero.

When w. is set to zero in (3) and real and imaginary parts are taken, we have

--I 1 + ""(4 a)

• • c l +a) (4 b)

.. where w- (4nNe'/m)1 /2 is the free-electron plasma frequency, and r = 1/F is a
V, relaxation due to the ordinary scattering responsible for electrical resistivity.

The Drude model provides a good fit for the optical properties of metals at energies
below those of any interband transition. The experimentally derived dielectric func-
tion may be fitted to equations (4a) and (4b) where m is now replaced by an effective
mass, m*, and m* and r are used as adjustable curve-fitting parameters. Once this is
done, the Drude dielectric function may be subtracted from the total dielectric func-
tion throughout the spectum to yield the interband contribution.

% N
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One would expect that at energies where the photon energy is greater than the
width of the actual bands in a solid, the Drude model could not be used. However, it
should be remembered that the Drude model is simply a classical approximation and
that the values found for me and - are measures of the fitness of that approximation
at the Fermi level.

S. Jaterband Tramsitions

Points in k-space for which (2) applies are van Hove singularities. These critical
points form the dominant contribution to the interand part of the dielectric function.
There are four types of critical points which are labelled as M, critical points, with
e= 0, 1, 2, 3 for the number of negative values of the effective masses associated with
the band curvatures at these points. The lineshapes of the four types of critical points
determined by the joint density of states, J, without broadening are summarized
in Table 1.

Table I
J.4 for critical points

citical Jew
lait

we 0 C.(Z- t l/
-!, C, , -A c -.Z)11 C,
M, C,
Ma C(&. - Z)1 0

The effects of phonon broadening may be included in the dielectric function by
introducing a phenomenological broadening parameter, 17. A dielectric function which
includes broadening near an Me critical point can be defined by [16, 17]

a -• --- 2w('+ +,()- "+(a, - w - iiS 1 
+ (-, + a+) (5)

When derivative spectroecopy is being done, the derivatives of e need to be con-
sidered. If the broadening parameter, il, is small (a <w ) the main contribution
to the derivative of (5) is due to the (w. - w - hl)/' term. This term is singular in the
limit Y1 - 0 while the other terms are well behaved. Using an M e critical point as an
example, and defining a reduced frequency W - (to - tJ*)/il, we obtained [18, 19]

del ,R- I[W"+i -I Wf]- [tov l)l -

dte. 1 (w + i7)' (cog - (0 -i'7)- 11

qI

-- 7-l,[W + I]-"/ ((TV + 1)1! + W]1

I 1r2 F(-W) (6b)
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4 Fig. 1. Universal function derived by Batz
7J f18]. The function F(W) = (WO + 1)-1/2 x

x [(H" 4- 1)1t2 + W]/2 where W i a nor-
malized freqdency. l-'1/'F(W) becomes
(W - tog)1/I in the limit q7 - 0. 11'

(CU -0O

The universal function F(W) was derived by Batz [18] and is illustrated in Fig. 1. It is
found that the derivative spectra around other types of critical points can also be
expressed in terms of this function. The results are summarized in Table 2. The
function 7-1/2 F(W) goes to ((a - w)-1 /2 in the limit 1? - 0, as expected.

Table 2

Derivatives of critical points with broadening
included in terms of F(W)

critical 211/ del 212de
point dw

MO F(- W) F(W)
M, - F(W) F(- W)
M, - F(- W) - F(W)
M, F(W) - F(- W)

4. Separation of Bound- and Free-Electron Contributions

When experimental data exist for energies less than any interband transition, the
Drude forms in (4a) and (4b) may be fit to these low-energy data in order to determine
M* and r. The spectral range of our wavelength-modulated spectrometer is 1.5 to
5.1 eV. Since many metals and metal alloys have significant interband structure down
to the lowest energies of this spectral region, the above method cannot be used. How-
ever, when the derivatives of (4a) and (4 b) are compared to (6a) and (6b). it is noted
that the Drude dielectric function and the interband term at the critical points are
sufficiently uncorrelated to justify the method used here to separate them.

The method of separation is the use of m* and r as adjustable parameters in writing
a trial Drude function, subtract the Drude function from the total dielectric function
obtaining a difference function, and calculate the correlation of the Drude and differ-
ence functions. The de-correlation function may be written [20] as

Cp(m 0, r)= (cov [B,. A, - B,])' a)((B,] V(A - B,

where

coy [B,, A, - B,] (B,, - , [(A,) - B,,) 4 - B,)] (7b)
UN

AI . e
!1
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1
VjB1j = - (Bj -B 1f)'. (7 c)6

The function A is the derivative of the experimental dielectric function, and B is the
derivative of the trial Drude function. The sums are over data points, N, the subscript
j = I or 2 for the real or imaginary parts, and the bars indicate averages over all
points, coy (BI, A, - Bj] is the covariance of B, and A, - B1. V[B] is the variance
of B1.

A computer program has been written which, for a given r, finds the value of m*
which best minimizes (7a) [19]. This produces two curves m*(r), one for j = 1 and
another for j = 2. Then these two curves are plotted together; their intersection gives
the physical values of me and r. These are the correct values of the Drude parameters
since they are the ones which simultaneously minimize the de-correlation function for
both the real and imaginary part. In each de-correlation function alone there is only
one independent variable, which has been chosen to be r. When r is fixed, there will
always be some value of me which best minimizes C,(m*, T). When values of me and V
are found which minimize both C, and C1, we have confidence that we have found the
correct physical values. Once m* and r are determined the Drude part of e is subtracted
leaving the interband part.

To test the method, a trial function was formed. It was the sum of Drude and inter-
band contributions in the range from 1.5 to 5.1 eV. The Drude term was given an
effective mass of 1.4 electron rest masses and a relaxation time of 1.2 x 10-"6 s. These
values are within the normal range found in typical metals. The interband part had an
M o critical point at 2.5 eV and an M, critical point at 4.0 eV. The two parts were cal-

it b

~-24

'I 1 I b

0 05 70 is 2.0 2 L.O, U 2.0 a 16 44 12
r W,, (ev) -

Fig. 2 Fig. 3

Fig. 2. Results of de-correlation functions for the test functions described in the text. A function.
=*(r), is generated for each de-correlation function. C, and C2. m*(r) is the value of the effective
man which beat minimizes C, or C. for a given value of the relaxation time, v. One curve is gene-
rated by using el in (7a) to (7c) and the other curve is from ei. The point where the curves cross
represents the correct physicavalue of m* and T. Test function: me/m - 1.39. r - 1.19 x 10-16 a

Fig. 3. Dielectric function of A'-AuZn which was used to test the de-correlation technique. a) Real
part, ej; b) imaginary part, e,- The derivatives of these were used to find the Drude parameters

% %
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Fig. 4 
Fig. 5

Fig. 4. Results of the de-correlation functions for P'.AuZn. The point where the curves crow is at
m*/m = 1.10 electron mases and T = 2.76 x 10- 1 a

Fig. 5. Interband contribution to the dielectric function of A'-AuZn. The Drude parameters found
in Fig. 4 were used in (4a) and (4b), which was then subtracted from the experimental dielectric
function of Fig. 3

culated using (4a) and (4b) and Table 2. The curves for the solution of the test function
are shown in Fig. 2. The values found at the intersection of the curves were m* =
= 1.39 electron masses and r = 1.19 x 10 - 16 s.

Fig. 3 shows e, and e2 for 0'-AuZn obtained by integrating wavelength modulation
data. The graph of the correlation minima is given in Fig. 4. The values at the inter-
section of the curves are m*- 1.10 electron masses and r = 2.76 x 10-1" a. The
value for m* is slightly lower than previously reported (21]. Fig. 5 shows the bound
parts of e, and e2 (Eib and ESb) after the Drude terms are subtracted.

This separation technique has two shortcomings. The first is that the Drude relaxa-
tion time is not actually a constant over the entire spectrum. The value obtained is
assumed to be an average value over the spectral range. However, this problem also
occurs when extrapolations from low-energy data are used. The advantage in this
calculation is that here the values are from the visible-ultraviolet part of the spectrum
which is actually under study. Secondly, there is a small o-'-contributior to the bound
parts of the dielectric function. However, if the linewidths of the interband transitions
are small compared to the transition energies, these terms may be neglected [18, 22].
Such terms may cause a small error in the Drude parameters, but will not cause any
change in the general lineshapes of the interband contributions to the dielectric
function, which are the important results for band structure determinations.
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Electronic circuits have been developed to replace the mechanical servos and lock-in amplifiers
customarily used in a wavelength-modulated derivative spectrometer. The result is a faster
respone and wider range of gain while maintaining a constant photomultiplier-tube voltage.

PACS numbem 84.30.Wp. 06.70.Td

INTIODUCTION Detailed analysis of the lineshapes of Van Hove singu-

The identification of Van Hove Singularities' in optical ab- larities is not possible unless one already has knowledge of

sorption or reflection spectra can be difficult, since singuari- the contribution from d /dx. Thus, the theory of internal
ties are usually superimposed on a broad structureless back- modulation exeriments depends not only on the theory of
ground. In the case of metals, this background is the Drude the optical properties, but also on the effect of the perturba-

intraband spectrum, and interband singularities can be small tion parameter x on those optical properties

compared to this background. This problem is especially When a frequency-modulated light beam ' "' is used,

acute in the cuse of three dimensions as Van Hove singulari- Eq. (2) reduces to

ties do not produce infinite peaks, but only changes in the. dE b e)_ (4)
slope of the optical properties. Broadening mechanisms re- d" z 2-
duce the optical structure in all cases. Thus, there are no theoretical ambiguities in the interpreta-

The optical structure associated with critical points can tion of data. Ifthe dependence of the frequency of the modu-
. be greatly enhanced by the use of derivative, or modulation, lal beam is

.. spectroscopic methods. The dielectric function near a three-
dimensional critical point may be written as" =- wo + (4 ) co o, (5)

j(1 where Am is the depth of modulation and is the modula-
a~o~u-a,) 12 +cnstnttion frequency, then we have

4w is the photon energy and 4w, is the transition energy at

the critical point. The constant in Eq. (1) represents the back- C -e(wo) +J 4E061t. (6)

ground contribution, which may be larger than the singular If At is measured, the derivative of the dielectric function
part. Thus, observation of the critical structure may be lost may be found from

'5, in the background. Therefore, it would be most advanta- dE ir a A (7)
geous to memmre, not tdirectly, but the derivative ofe with Z ,-
respect to some parameter x. Since the background does not However, 4r is generally not measured directly. In-
vary rapidly, it would essentially be eliminted from the stead, the modulation of the reflectivity AR or the transmis-

. qxtrmn.This ledk to
slon A T is measured. Great accuracy and sensitivity can be

de b 1/2 d(v-.wa,) db P/2 achievedinthemeasurementof4R orATbymeansofphase
d" 2" + sensitive detection with a lock-in amplifier.

(2) A double-beam, single-detector optical system with its
The Amrt term in Eq. (2) diverges at the critical point w , associated electronics for obtaining wavelength-modulated
The fit term asilq.y detvergeseinthedcriatil pderivative spectra was previously reported." This system
and is, therefore, easily detectable in a derivative spectrum. eliminated problems due to background derivative structure
The second term in Eq. (2) is generally negligible near caed rce detosopicund at ic strp-

e caused by source, detectors, optics, and atmospheric absorp
w' = w. since b can vary slowly. There are two obvious po tion. We now report electronic circuitry which has been de-
bilities for the differentiation parameter x. The first is the signed to replace the system of mechanical servos and lock-energy of the incident radiation w and the secon is the in amplifers which is normally used. " This new system ans

critical point transition energy 4w" the advantage of faster response times and wider ranges of
Techniques which modulate the energy critical point gains while maintaining a constant voltage to the photomul-

transition avoid experimental complications which will be tiplier tube.
found in frequency (wavelength) modulation experiments,
but have the analytical problem of ambiguous interpretation
of line shapes. Possible parameters which modulate the ener- I. WAVELENGTH MODULATION

ggap include hydrostatic pressure and juimial stres'*' Wavelength-.modulation derivative spectroscopy has
electric field, 7 and temperature ' ° modulation. The ambi- experimental difficulties, which may be overcome, com-
guity of these methods can be am when Eq. (2) is reduced to pared to other types of modulation as may be seen in thed r . , _ 2-/2 ± L (3) f°Ulw i t"

dx dx In conventional reflection measurements, the total sig-I - ftv.ShLNOMmmnuwIf )AVOW 1043 00374/83/1994601.30 4 IS3Twrme dfPhyscs O5"4
'. --a !



nal I reflected from the sample is

I(A)- i (A 10A (8) a
where RA s the reflctivity and 1, is the signal incident on the

sample. The wavelength derivative of Eq. (8), which is de- R-

noted by prime, is LRVEL

I' -A' 0 +PRIO. (9) LEVELu

The second term in Eq. (9) is what causes the difficulty in --

" wavelength modulation experiments with respect to other
modulation techniques. In other methods, where only sam-
ple is modulated, this term is zero. However, when the wave-
length is modulated, this term contains the derivative of the
incident beam, which includes wavelength-dependent infor- C A

mation about the light source, optical path, atmospheric ab-
sorption, and detector response. RI0 is, more often than not, I. 2. Wavegtm ioa waveforms: (a) Chopper cycle of the raw

on the same order as R 'I, and, as is the case of a light source signal from the photomultiplier. The higher level is the background chan-

with sharp line structure, may be orders of magnitude larger nel; the lower level is the sample channel. (b) The raw signals have been
than R '4. A means of subtracting this contribution to the gated and servoed to a predetermined reference level. (c) The servoed and

gated signals have been separated into their own output channels and ac
total derivative signal is essential if meaningful wavelength coupled to eliminate the 13-Hz compoent.

modulation data are to be obtained.
If Eq. (9) is divided by Eq. (8) and the terms am rear" channel. Figure 2 shows how we would like to process the

ranged, we get signal. Figure 2(a) is the raw signal from the photomultiplier

it r tube. The higher level is -1, and the lower level is I, because

R 7 - * (10) the aluminum chopping mirror will be more reflective than
s is tt the sample. In Fig. 2(b) we have gated a portion of each

.. This is the quantity which we wish to extract from the exper- channel and amplified it to a reference level, which will be
iment. We choose to keep the signal level in each term equal,

so tat he ubtactin my b eailydoneeletroicaly.kept constant. Thus we have brought the signal channel to a
so that the subtraction may be easily done electronically. constant level which is our new level for I and also made Io
Rearranging Eq. (1). we now have equal to . The constant k in Eq. (11) now represents the fact

R 1 (1,' ), (11) that different gains are needed in the sample and background
i I 7channels to bring them to the reference level. The 217-Hz

where k =- 1/1, A qualitative description of how R 'IR is components in the sample and reference channels are now

determined will be given first, and then the new electronic proportional to k1' and I'and are shown by signals B and A,

system will be described, respectively, in Fig. 2(c). We can now run these to a differen-

The double-beam optical system is shown in Fig. 1. The tial lock-in amplifier, and the difference between the two

signal from a Perkin-Elmer 99G monochromator' s is rood- signals will now be proportional to I' - kl'.
ulated at 217 Hz by a vibrating mirror. 1.1 6 The signal re- This new electronic circuit is designed to make the

flected from the sample when the chopping mirror, which source to output gain at the 13-Hz chopping frequency the

rotates at 13 Hz, does not block the beam will be called the same for both the sample and background channels. The

sample channel. The signal reflected from the chopping mir- differential derivative and logical circuits are shown in Figs.
ror during the other half cycle will be called the background 3 and 4, respectively. The current output of the photomulti-

Uonochromeler M 1PNOOMUTIPIER! 148 4 R IOU PTIJ 9

4 Tx

P S 1 I f 20 JOK

Re ow ItIf Q.f *soS
ifl %00 PM. Sinl00(

S3

II' Er 99O moachromasor imodulsted at 2li flL The coper Crotaea Fxo. 3. Differential derivative circitry. Signals K, L and M are front the
Nt 13H14. logic circuit (Fig. 4).
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11 (E)FIG. 4. Logic circuit. This circuit gener-
1 0 ats the switching signals which drive the

feedback networks of Fig. 3.

i! plier tube is the direct input to the inverting terminal of a which is produced is given in Fig. 5. Figure 5 also shows the

. National Semiconductor LM3O8A operational amplifier'7  signals from Fig. 2 for reference.
-'.;(OAI in Fig. 3). This op aump is connected in the current-to- The synchronization tigger signal is squared in an

, voltage configuration and has three switched feedback net- LM399A comparator (Fig. 4) with positive feedback and
Sworks. Each network is switched into the circuit during a bufferd with a CMOS band gaesaeto form the trigger

*i different portion of the rotation period of the chopping mir- signal (A in Figs. 4 and 5). Trigger signal A starts one- shots B

ror. These networks function to make the output voltage of and C, which are CD4O47"s. One-shot B is timed to run for
... the op amp (OA 1 ) equal to a reference voltage, which is the

reference level of Fig. 2(b), chosen to be 200 inV. These net-
"2' works serve to replace the mechanical servomotors used in SVCI TA
!the original design of a wavelength-modulation system. 14.10

Each feedback network consists of a 2N4360 field effect t
. transistor, an RCA CD4O66 CMOS analog switch,". and e "IIIL

I I I
another LM308A op amp connected as an integrator. The c..' ___ ,

",L" CMOS switches are marked Si through SS in Fig. 3. The D

' ." LM308A integrator uses the integrated value of the differ- I
ence between the otput of OAl and the reference voltage to , , ,
control the source-to-drain resistance of the 2N4360 FET. '" -i-,,i
This brings the 13-Hz component of the output ofOAl equal , ... J t2.

. , ~to the reference voltage. The output of the LM308A integra- 6 ."-- .. _" "L_
' . tor is coupled to the gate of the FET with a30K resistor and ' I ''

, .. •~ 1O-pF capacitor so that the 217-Hz modulation signal willI. ' ''
have no effect on the source-to-drain resistance to th PET.

An integration time of 1 a has been found to be adequate in K '
.I I I Illn I I

: , The output circuit for each signal, sample and back- i N

.,ground, is aDC4O66 CMOS switch (marked$6 andS$7) €ou-I
-i. .. pled with alI Fca ctr to the output BNC connector. 0ii~ -" - ' -T^--",

The 1I-sF capacitor chargs to the referee voltage and only "-57  -

AlOpt

the 217-Hz modulation component of the signal appears at ' ,' "A the output This produces the output signals i Fig. 25c). 5 a s

The remainder of the discussion deals with the switch- f F r

(A ing sig s which drive the feedback networks. These signals Th i

synchronize the system to the rotation of the chopping mir-
tro and time the onsets and widths of the gate for the feed- a

orback circuits. These signals are timed by a synchronization

digger, derived from a photodiode located on the rotating ono. 5. Timing diagram. The timing oeach signal in Fisp. 3 and aretven

miror, which drives a set ofone-shot multivibrators and 'p in relationship to each other. Parts of Fig. 2 are reproduced at the lower
flops. This circuitry is shown in Fig. 4 and the timing signal pa(A or this figure too reference.

the Rev. of bisam., Vol 5, wo.0, A 13 Waveleng A W6
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one-half'of the rotation time of the mirror, 38.5 ms. It is used
to determine which channel, sample or background, is being (o
Sated at any particular time. When one-shot B ends its peri.
od it starts one-shot C. One-shot C starts one-shot D and is 161- _-0"

also used to center the sample and background periods in
terrespective tiewindows, hi sequence then provides .A AR

the delay signal for timing the starts of the gates. One-shot D R 0- (b) 0 R

sets flip flop F, which controls the feedback network sam-
pling time, that is, the width of the gates. D also starts one-
shot E. The starting of one-shot E sets flip flop G, which is

N.i used to start the gate time of the output circuits. -10'
When the signal from flip flop F is added to signals B

and B invere, signals K and L are formed. These are the
actual gating signals which control the active feedback net-
works. The signal from flip flop G, when added to B and B Wovelenqlh (i)

% inverse, forms signals I and J, which control the output
Z switches. Signal M controls the impedance of the amplifier FIG. 7. Comparison ofbalanced (b) and unbalanced (a) scans of the Xe line at

the transition of the chopper between sample and 4383 A. Note the scale change between the two curves. The wavelengthduring tcate extends to approximately 100k on either side of the 433 ,k line.
background. It is the complement of F from the same flip
Sop.

All of the logic was implemented in CMOS, using of a 150-W Hanovia Xenon arc lamp which is the source for
CD4047"s for the one shots and 74C74's for the flip flops. the violet and ultraviolet regions. The figure shows the re-
NAND gates are 74C00's and inverters are 74C04's. suits for both the modulated signal (a) which has not been

The output signals are sent to a PAR Model 124 A processed by the differential derivative circuitry and also the
Lock-In Amplifier with a PAR Model 116 Differential signal (b) when this spectra line has been balanced by the
Preamplifier. 9 The sample and background signals are dif- system. Note that the balancing by the system reduces the
ferentially amplified, with the 124A in the high dynamic signal by three orders of magnitude. The signal level of the

rne dita 1. iaerbalanced line of Fig. 6 represents a maximum sensitivity of
The differential derivative circuit was constructed with AR IR = 1.3 x 10-; this is the worst case result. In practice,

cnventional point-to-point wiring in a double NIM mod- sensitivities of better than 10-" and down to I1-0 are rou-

ule. All power is obtained from the NIM bin. For conve- tinely obtained in regions of the spectrum without sharp
nience in checking and calibrating the unit, a 217-Hz refer- lines in the source. Figure 7 shows the structure at 4383 A in
ence oscillator was constructed in the same module. the same source spectrum. Here the improvement is much

better than three orders of magnitude with the best AR IR
, IL SYSTEM SENSTVITY being 9x 10- 3.

The critical test of the system is its ability to eliminate
signals which are due to sharp structure in the source. Figure ACKNOWLEDGMENTS
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Dedicated to Prof. Dr. Dr. h. c. Dr. X. h. P. Qfrcz on the occasion of his 80th birthday

The optical properties of a.phase Ago.?Zno.s ae determined near the optical absorption edge. This
alloy composition dampens the sharp Ag.plaama resonance. The band shifts which are observed
are in qualitative agreement with calculations which are performed for the similar alloy,
a-Cu.7Zn0.s.

Die optischen Rigenachaften der a.Phase von Ago.IZfo.s werden in der Nahe der optischen Ab.
aorptionskante beatimmt. Dim Legierungszuammenstaung dimpft die scharfe Ag-Plasma-
Resonanz. Die boobsehtten Bandverachiebungei sind in qualitativer V1bereinstimmung mit
Berechnungen, die for die ahnliche Legierung 9-Cu0.7Zno.s durchgefdihrt wurden.

1. Introduction

,. An outstanding feature of the optical properties of Ag is the sharp onset of interband
transitions near 4.0 eV in the near ultraviolet, a feature which is very near the plasma
resonance. This interband absorption edge is due to the overlap of contributions from

d-band to Fermi level transitions and Fermi level to
conduction band transitions, both in the L (111) direc-

4 4 tion in the Brillouin zone [1 to 3]. Optical results tend

to support this interpretation [4 to 8), although it has
Lz'-LI LZ'(Er)-L I been questioned by Christensen 19].

Near the absorption edge, the optical spectrum of Ag
I should be sensitive to alloying. Since the transitions
_which are involved in the absorption edge involve free

EF electrons at either the initial or final state, alloring
L,2  j with Zn should shift the Fermi surface enough to

I

r £
L Fig. 1. Energy bands near the L point in pure Ag [6]

) Los Angeles, Ca lifornia 9024, USA.
2) Work supported in part by the U.S. Army Reearch Office, Durham, North Carolina, and by
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separate the two transitions. In noble metals, the In (a-like) level is more sensi-
tive to the crystalline potential than the 12, (p-like) or the I (d-like) levels 16].
(These levels are illustrated in Fig. 1.) Therefore, perturbation of the potential by
alloying should result in a separation of the two transitions. The experimental results
presented here do show a separation of the transition energies. As expected, the

separation appears to be due to a downward shift of the Li level with respect to the
Fermi level.

2. Sample Preparation

Precisely weighed amounts of 0.9999 pure Ag and 0.99999 pure Zn were sealed in
quartz tubes at a pressure of less than 10-' mm Hg. They were melted and thoroughly
mixed by being shaken in the liquid states 5000 times and then quenched to room
temperature in a water bath to form a homogeneous ingot. This ingot was, in turn,
homogenized by heating to 650 °C for 24 hours and then cooling slowly. After cut ting
and polishing, the sample was given another 24 hour anneal, this time at 225
and then again slow cooled. This was to relieve cold work acquired in the I.lishing

d, process.
e, Leavings from the cutting process were assayed for Ag content by the U.S. Mint,

which confirmed that the final composition was within 0.l10 of Ago.-Zn0 .3.

3. Experimental Method

Wavelength-modulated spectroscopy [10, 11] was used because of the unamhiguous
lineshapes obtained by this technique and the resulting ease of interpretation of these
lineshapes. The theory of wavelength-modulation spectroscopy is well detailed
elsewhere [12, 13]. The theory of lineshapes near a three-dimensional critical point
was given by Batz 114, 15]. It is sufficient here to give the theoretical lineshapes for
the sake of reference. All three dimensional critical point lineshapes may be expressed

Table I
* ,Derivative of critical poiits with broadening included in terms of F(W)

F(IV) - (WO + 1)112 -- W]i12/(Wt - 1)112, ( - (, - i

critical 2 ,72 dz, 2 ,712 e t

point dw c
F(- H) F(W)

, F(W) F(- W)
H, F(-W) -F(')
M F(W') -F(- W)

Fig. 2. Universal function, F(W), derived
by Batz [14. 151 for lineshapesnear critical

points as seen in wavelength modulation
% spectroscopy. F(W) = [I2 - I]-i/2 x

05j J x [(H' -*- 1)12 + WI/2, where 1V is the
reduced frequency to, - w5 )/. Sw5 is theIinterband energy (a the critical point andY

0 -_________ is a phenomenological broadening parameter
", ' --.
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£ 06 Fig. 3. a) Wavelength-modulated logarithmic deriv-
0 ative of the reflectivity of a-Ago. 7ZnO.3. b) Reflec-.

3 tivity of z-Ago.?Zne.$, found by integrating the data
08 .from Fig. 3a

~-b
01

Q6 in terms of a single function, F(W), which is
reproduced in Fig. 2. The behavior of critical
points in terms of F(W) is listed in Table 1.
Derivative data with a spacing of 0.02 eV
between data points were taken between 2.60

. and 5.10 eV.

4. Experimental Results

The wavelength-modulated logarithmic derivative spectrum of the reflectivity, which
is the direct result of the experiment, is displayed in Fig. 3a. This is integrated to
give the reflectivity of the sample, as shown in Fig. 3 b. In order to perform a Kramere-

i+L

1--

++LP-P rd r

Fig.4 Fig.5

Fig. 4. Dielectric function of a-Ago.7Zn0.3 determined by a Kramers.Kronig analys of the reflec.
tivity data. a) Real part, &,; b) imaginary part, e,
Fig. 5. Derivative with respect to energy of the dielectric function of a-Ago7Zno 3. a) Real part,
e'; b) imaginary part, ea

.-
a . " .. • - , ,," ," - " ," .t" " ."" . " - ,," . ' " " - . ' ." " " .' . . . - .
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N,, Fig. 6. Energy los function of a-Ag0.7ZDo 3

enrg useb on.Fo teinrre rgon

Kronig analysis of the data and separate the real and imaginary parts of the dielectric
function, extrapolations over all energy must be done. For the infrared region, a
Hagen-Rubens extrapolation to a reflectivity of 10000 at zero energy was used [16].
For the ultraviolet extrapolation, modified silver data [17] were used. Using this,
the real and imaginary parts of the dielectric function, e, and et, are calculated. These
are given in Fig. 4a and b. The dielectric function is then differentiated to give i and
z (Fig. 5).

The important point to note concerning the data is that the plasma resonance
which dominates the experimental spectrum of Ag [17] is greatly damped in this
alloy, as may be seen from the fact tLit e, does not go through zero at any point in
the experimental energy range, and from the strongly damped peak in the energy
loss function at 3.85 eV (Fig. 6). The e, shown in Fig. 4 is in excellent agreement with
that of previous results (5]. Note also that the principal dip in the reflectivity is at
a considerably lower energy than in pure Ag. This occurs between about 3.6 and
3.8 eV in the alloy, compared with a minimum of about 3.85 eV in pure Ag.

5. Free-Electron Effects

The free and bound parts of the dielectric function have been separated by a de-con-
volution method which has been described elsewhere [18, 19]. The Drude effective
mass was found to be 1.23 free electron masses and the Drude relaxation time was
found to be 1.87 x 10-14 second. These results compare well with the values found
for Ag. Previous results for the effective mass of silver are m*/m = 1.03 [1] and 0.97
[20]. The relaxation time in Ag was found to be 1.6 x 10-1' s at 3 eV [17].

We thus see that the Drude part of the dielectric function predicts some flattening
of the bands at the Fermi level. Although alloying will be seen to have a considerable
damping effect on the interband properties of Ag, the long relaxation time found
here indicates that the behavior of free electrons is not significantly changed. We
may conclude that this amount of alloying has only small consequences for thoseelectronic properties described by the Drude theory.

6. Interband Transitions

Once the Drude effective mass and relaxation time are known, they may be used to
subtract the intraband contributions to the dielectric function from the total ex-
perimental function. The resulting real and imaginary parts of the hound-electron
contribution to the dielectric function are shown in Fig. 7. Their derivatives are given
in Fig. 8. It is these derivatives of the bound part of the dielectric function which are
used to assign interband transitions.

I
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I: .-

-; F-I 16il 810

: - 'Fig. 7. Bound part of dielectric function K- Ago,, Zno,3 determined by subtracting the Drude oontri.
- '.,'bution from the data of Fig . 5. a) Real part. fib; b) iMJsgiBry Part, tzb
% . Fig. . Deriative wth rtepect to energy- of the bound part of the dielcric function of -Ag0.Zo..
:, s) Real Part, 91b; b) imaginary part, etb- With reference to the energy bands in Fig. 1. the following
.'= .," trarautions are identified: L2-(EF) - 1., (3.55 eV), L.,,Z - 1,. (3.83 eV), Ll - Lt.(EF) (4.3"t eV)

It is interesting to compare E.b of Fig. 7 with the e, results shown in Fig. 9e of {51.
ig.The earlier work shows maxima in E, at 3.1 and 4.9 eV wth a minimum at 4.1 eV.
The current work has maximum at 2.8 eV ,  minimum at 3.6 eV, and maxin.4 at

" .i4.0 eV, which are resolved here where they were not previousl. We thus see that the
lRfeatures found in this studry are at low rerenes thn in [5i.

trasiThe current literature does not f irmly fix the exac t value of the Ag interbabd

transitions of interest in this study. 'hile the enerl." gap for the Ln. r on transtions
ranges froi 3.8 eV 7 to 4.1 eV in], the values quoted for the a, - L..(Ei ) trantion
range from 4.1 eV 7] to 4.4 eV r5o. Clearly, there is enough discrepancy in the ex-
fpermental values for these energies that it will be difficult to accurately a the

effects of alloying on them.
No band structure calculation has been reported for 2-AgO 7Zno3 but calculations

do exist for z-Cuo Zno s (21, 22]. In the work of Bansil et al. [22], predictions are
made for the shifts in the interband transitions of interest due to alloying. The
I. L2-(E r ) transition is predicted to move upward by about 0.3 eV and the L.. - L
transition is to move downward in energy by 0.1 to 0.8 eV depending on the amount
of lattice dilation due to alloying.

Since both transitions would be at saddle points in the Brillouin zone, a dip in ft,
- would be expected near the critical point for each of them [14, 15]. The ninimum in

Ii)~. ~Eib at 3.88 eV is the expected structure due to In. - L. The associated structure in
eib is the peak at 3.78 eV. This places the critical point at 3.83 eV, coinciding with
the peak in the energy loss function. The peak in Eib at 3.55 eV is due to the onset
of transitions at LIEF) - L. We may then conclude that the L.- critical point lies
0.28 eV below the Fermi level.

%V •
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Ehrenreich and Phillpp (17] assigned the mean ,t Ag peak at 4.4 eV to the direct
transition from the d-band to the Fermi surface 1, - L,-lri The L., band is filled
at the critical point, so the actual critical point transition structure for the L ,

Stransition will not be seen. A break in the derivatives of e, should be seen at the energi
*where transitions to the Fermi level begin to occur. The L4 - Lt.iEf, transition will

produce a downward break in tb with an associated break in Etb at the same energ,
which is the energy of the onset of interband transitions. Such breaks are seen at
4.37 e' in Fig. 8. Thus, our data show that there is very little shift of the transition
in the a-Ag 0 7Znos alloy. This places the 1, - L. critical point gap at 4.09 eV when
the results from the data for the L. - L,1 transition are used.

S7. Diseusion

The results of this studyv indicate that the effects of alloying in the Ag -Zno 3 are
actually fairly small. The shifts in the interband transitions must be on the lower end
of those predicted for the a-Cuo 7Znos system by Bansil et al. (221. If the L, - L_. Eyi
transition with an energy of 4.37 eV has been shifted by -0.3 eV, as might be ex-
pected from the X-Cu 0 7Zn 3 study, then this transition should have an onset at about
4 1 eV in pure Ag. This value is just within the range of experimental values which
have been quoted. However, there is also good evidence that this transition is e.ssn-
tially unshifted from that in pure Ag (5, 17.

The actual shift In a-Cuo 7Zno3 for the L, - 1.1 transition is about -0.2 eV [23, 24
Using this value would place the L- - L, transition in pure Ag at 4.0 eV whi, h

% about the middle of the experimental values for this transition. Previous work whit h
shows that L, - 1, Eyl is unshifted closely agrees with this assignment for L - ,
in pure Ag 15, 171.
The following may be cited as the important results of this study"

. 1 In this alloy composition, e, is dampened such that the main Ag plasma reson-
ance is greatly reduced.

(J i The Drude effective mass predicts a slight flattening of the hands. The fact that
the energy difference 1, - LI.iEy is 0.28 eV is not any help in confirming the flatten-
ung since values for this difference for Ag are reported to lie between 0.2 and 0.3 eV

(in) The fact that the Drude relaxation time for this alloy is apprximatelv the
same for pure Ag indicates that this amount of alloying has not greafly affected the
mean free path of conduction electrons.

iv) The shifts found in the interband transitions between pure Ag and the allov
indicate that the transition usually more sensitive to perturbation of the cr.staj
potential (L. - L,) has a shift of about -0.2 eV, while the less sensitive transition
1, - L.', may be essential" unshifted. This indicates that, at least in this portion

of the Brillouin zone, the rigid-band model nia he used to describe the interband
transitions of this alloy, with only a shift of the s-lake i1,L band.
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Infrared wavelength modulation spectroscopy of some

optical materials

Ryu K. KIM aid Rub Braustein

Infrared wavelength modulation techniques were developed and used to investigate the low-level absorption
of some optical mateurials such as alkali halides and alkaline earth fluorides. The results reveal rich absorp-
tion structures which enable an identification of some of the surface and bulk impurities of these materials.
Those impurities ar principal sources of optical absorption which limit the expected transparency of these
materials in the spectral region studied (2.5-12 $m).

%'

L hsemduci K(w) - AO exp(-Aw), (1)

The development of high-power laser sources has where Ao and A are material dependent parameters for
generated considerable interest in the study of very a wide class of materials which includes alkali halides,
weak absorption processes difficult to detect by con- alkaline earth fluorides, oxides, and semiconductors.
ventional spectroscopic methods because of the need Sparks and Sham3 developed a theory for the expo-
for low absorption laser components. In recent years, nential dependence of K(w). Duthler4 estimated the

% -extensive theoretical and experimental investigations absorption coefficients for some alkali halides in the
have been conducted in an effort to determine the fre- regions of interest, particularly at the wavelength of the
quency and temperature dependence of the absorption C0 2 laser line (10.6 Mm), by assuming a Lorentzian line
coefficient of a number of alkali halides and alkaline shape of impurities peaked at the appropriate wave-
earth fluorides to identify the principal mechanisms lengths. The extrapolation of exponential dependence
responsible for intrinsic and extrinsic absorption pro- of the absorption coefficient to the spectral region of
cesses. The very low values expected of the absorption interest as laser window materials in the 2.5-1 2-Mm
coefficient characteristic of multiphonon infrared ab- region predicts the absorption coefficient to be as low
sorption have spurred the development of various spe- as _-0- 7 cm - 1, but in practice the absorption coeffi-
cialized measurement techniques and/or refinements cients are always higher than the predicted values,
of existing ones.' sometimes by 2 orders of magnitude and varying from

The majority of the investigations have focused on sample to sample, indicating the presence of extrinsic
ionic solids, especially alkali halide crystals. The latter absorption due to impurities.
are attractive for theoretical analysis because of their To improve the ability to measure the very small
relative simplicity and the wealth of knowledge already values of the absorption coefficient in very high-purity
available about many of their fundamental properties. materials, a laser calorimeter has been employed.5 In
Experimentally, alkali halides again represent relatively this method, an incident laser beam is passed through
well-investigated materials in terms of fundamental the sample, and the temperature rise produced by ab-
properties as well as growth, preparation, and purifi- sorption of the radiation is measured. By this method,
cation. values of K(w) in the range of 10- 4 or 10 - 5 cm - I have

Deutsch 2 showed that the exponential dependence been measured.6 The major disadvantage of the laser
of absorption coefficient K(w) for multiphonon pro- calorimetry approach is that one can measure K(w) only
ceses follows the empirical law at those discrete frequencies at which laser radiation is

available. To identify the mechanisms which limit the
ultimate transparency of solids, knowledge of variations
of the absorption coefficient as a function of frequencies
and temperature at very low level is required.

The author am with Unisty o Caldonua Physi Depanment, We have developed an infrared wavelength modula-
Los Angeles. California 90024. tion technique which has a sensitivity as low as -10 - 5

Received 26 September 1983. cm - I in the spectral region between 2.5 and 12 um and
0003-693.5/84/8i166-.1202.00/0. have studied intrinsic and extrinsic absorption pro-
C 1%4 Opucal Socwty afAmenca. cesses in alkali halides and alkaline earth fluorides.
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IL\ U Experimental System S(Ot = SdC(Xo) + S-(Ao) CUStIlt). 5
""" w here
A. Experimental Background where

Derivative optical spectroscopy as a powerful tech- sdc(o) = To(Xo)1o(Xo), (6)
nique for enhancing weak structure immersed in a rel- S'(Xo) - AMT'Io + Tlo). (7)
atively smooth background spectrum is well known. Standard lock-in amplifiers measure the ac compo-
Several different modulation schemes were introduced nent of the signal at the reference frequency. There-

- in optical derivative spectroscopy.7 In most cases, the fore, what is measured at the reference frequency of aoptical spectrum of the sample is modulated by an ex- lock-in amplifier, which is Q in our case, is the ac com-
ternal ac perturbation such as electric field,8 pressure,9  ponent of S(X t) at 11. Here we note that Sac contains
temperature,10 and light intensity"' on the sample. The terms of the form T'10 and TI' that is, a term which is
modulation spectrum so obtained depends intimately proportional to the first derivative of background as
on how the property of the sample is affected by the shown in Eq. (7).
external perturbation, and such knowledge is often In practice, the elimination of the derivative signal
limited. of the background is a crucial problem in wavelength

As opposed to other modulation schemes, wavelength o t ond is problem in eg-"-' modulation. This problem will be discussed in Sec.
modulation allows one to obtain a derivative spectrum II.C. As expected, the derivative signal is proportional
by modulating the wavelength of light incident upon a to the depth of modulation AX. The correction terms
sample without any external ac perturbation to the can be minimized by using the smallest possible AX. A
sample. The main difficulty of the wavelength modu- convenient test for the distortion of the first derivative
lation scheme is the elimination of the background de- due to the correction terms is to measure the change in
rivative spectra due to light source, detector, optics, and the magnitude of the signal as a function of AX if a linear
atmospheric absorption. To normalize the background, relationship is desired. For further discussion of the
various servo systems have been employed, 7. 12," 3 but theory, we refer the reader to the literature12 and ref.
these are difficult to employ with photoconductive de- erences therein.
tectors with varying dark current. We developed a
wavelength modulation system which eliminates the C. General Considerations
background problem numerically. In a transmission measurement, the signal R(X)

Almost always the wavelength modulation technique transmitted through the sample is given by
has been applied in the ultraviolet and visible spectral
regions.1 2- 14 We have extended the spectral range of I0) - lo(\) expl-K(X)dl, (8)
the wavelength modulation technique into the infrared; where 10 (X) is the background signal which consists of
for absorption measurements in the spectral region of the incident light source, optics, atmospheric absorp-
this study, 2-12 jm, the system has a sensitivity of A//I tion, and detector response. K(X) and d are absorption

10-5, where 4J is the fluctuation of signal in the de- coefficients as a function of wavelength and sample
- .rivative channel. thickness, respectively.

The differentiation of Eq. (8) with respect to the
B. Theory of Wavelength Modulation wavelength gives, after a little rearrangement of

In a conventional transmission measurement, the terms,
total signal S transmitted by the sample is dK(X) II idlXI dId M 1  9

S() " T(X)I0 (X), (2) d d [/o dX 1(X) dA 9

where T is the sample transmission, and Io is the or, in terms of energy,
background signal, which consists of the incident light dK I I I d (E) I d(E) (10)
source, optics, atmospheric absorption, and detector dE d L0(E) dE I(E) dE
Wetresponse. As indicated in the theory of wavelength modulation,When the wavelength is swept sinusoidally across the the measured quantity by a lock-in amplifier for theexit slit of the monochromator at a frequency that derivative signal at the preset reference frequency is of

the form a(dl/dE), where a is a constant. But as shown
X(t ) Xo + AA cos(ft), (3) in Eq. (7), the derivative signal contains the derivative

r Xof the background as well as the derivative of thewhere X0o is a fixed wavelength around which the si- transmitted intensity. To eliminate the derivative of

nusoidal sweeping of the wavelength is performed, and the background, we use the sample-in and sample-outAX is the amplitude of the sweep, the output of the technique, which is described in a later section.

monochromator becomes a function of time, that is, With the sample-in setting, the derivative signal is,
S(Ot) - TjA6 + AA coo (fit)l1l0xO + AX cos(fit)1. (4) from Eq. (7), for small AX

Expansion of Eq. (4) in a Taylor series in powers of AX S. aAX T'lo + T/oI. IQ I
cos(flt) and using the trigonometric identities and or
collecting terms, we can show that, for small AA, re- ._" S,a (L +
taining the terms up to linear in AX, I T=.
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9,

With the sample-out setting, the derivative signal of the [ ii

background is

S aA)Xro (13) ADC

or U11*

,&,X L .(14)
7, 10

The subscripts s and b of Sac refer to the sample and
background, respectively.The difference of S'/I and Sr/lo will give the de- i l**sps mt . g *m w
rivative of the transmitted intensity solely by the sam- so of fc]o"f m"

A pie in principle. But in practice we encounter some
difficulties; defocusing of the light beam at sample-in *it-
setting by the sample, for example. This defocusing
effect by the sample, in conjunction with the nonuni-
formity of the active area of the photodetector surface, Fig. 1. Block diagram of the infrared wavelength modulated
obscures the zero crossing of the derivative signal. system.

We overcome this difficulty by a number method.
That is, with the measured quantities with sample-in wheny - t, di - ai. Here, di - ai independent of b, is
and sample-out settings, we form the expression assumed. If desired, Eq. (17) can be integrated nu-

1 d1o(E) _ i d/(E) merically. In this study, the trapezoidal integration of
( E) "a dE - $ E ' (16) Eq. (17) was performed.

where a and f are multiplicative constants independent D. Ilenton and Operation of t System
of energy. Here we note that the first term in Eq. (15)

is solely due to the background, while the second term 1. Construction
is due to the sample in addition to the background. The block diagram of the system is shown in Fig. 1.

To convert Eq. (15) into the form of Eq. (10), we write We have converted a Perkin-Elmer 301 spectropho-
Eq. ( as tometer into a single beam system for improved SNR

-_"E) = a '- (16) by using a sample-in and sample-out scheme. The
o(E) dE a I(E) E sample-in and sample-out mechanism was accom-

and determine the ratio of proportionality constants - plished with a linear translator assembly unit driven by
- a/# in such a way that O(xE) and a stepping motor. The wave-number drive was also

I dJl(E) performed by a stepping motor at preset intervals to
;o,. dscan the spectral regions of interest. Both stepping

o..(E) dE motors are driven by a dual-channel step motor drive
are not correlated for - - z. For this particular value unit. The intervals of stepping of sample-in and sam-
of -Y pie-out stepping motor and the wave-number driving

# dK motor as well as the data-collecting system as a whole
@(E) - Gd- (17) are controlled by an on-line microprocessor (Motorola

This procedure is performed by a computer using a M6800 microprocessor) in a cycle for each set of data.
decorrelation algorithm.'1 Consider quantities ai, bi, Sinusoidal sweeping of the light beam across the exit

and slit of the monochromator was accomplished by a vi-
brating mirror at 11 Hz. We have chosen this low fre-

,i- a, + -bi, (18) quency in spite of the 1/f noise in anticipation of the

Here, a, is a quantity due to sample alone, b, is a need of a slow detector such as a thermocouple, bo-
quantity due to background alone, and c b is a quantity lometer, or Golay cell, and most important to avoid thequantity due tn background oe If w relate subharmonics of the background chopper channel,

due to sample and background together. If we relate which is 39 Hz. The amplitude of modulation is ad-
these quantities to our study, bi and ci are measured
quantities, that is, signal with sample-out setting and justable through the output voltage of the scanner

t sdriver and can result in a wide range of modulation forsignal with sample-in setting, respectively. And ai is AX/X - 10-2 to investigate the broad structures of solids
the quantity to be obtained by the decorrelation pro- in the infrared region of the spectrum.
cedure. We set As shown in the block diagram of the system in Fig.

d, - ci - tbi - ej + (- - t)b,. (19) 1, two lock-in amplifiers are employed. Lock-in am-
Now, we search for t, which minimizes the correlation plifier I measures the intensity of the chopped radiation
function at 39 Hz with sample-in and sample-out settings at a

f 1ni J - 12U2fixed wavelength. The lock -in amplifier II, which is fed
,- )(b, - )2, (20 with the li-Hz reference frequency derived from the

,- )2Z(b, - I)2J vibrating mirror, measures the derivative signal with
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sample-in and sample-out settings. The sample-in and Liner translator Grating
sample-out mechanism is a stepping motor coupled with assembly unit with with

a translation stage. With appropriate combinations of stepping mtor stepping motor

gratings, filters, and light sources, the system can be
operated in the spectral region from ultraviolet to in- Stewinq molor driver
frared (-12 pm). The main light sources in this study
were a tungsten lamp in the visible and near infrared i6800
and a globar in the infrared. The detectors used were
PbSnTe, PbS, and a silicon photodiode for appropriate Multiplexer (PR261)
spectral regions.

2. Operation [ c (P{R260)

With the sample-in settings, two data points were I
taken; one from lock-in I, which is in the intensity of Teletype

radiation transmitted by the sample, and the other from 1
lock-in II, which is the derivative signal. The same set POP 1 I
of data is taken with the sample-out setting yielding the
equivalent for the background. Those two sets of data L- i
are fed into a multiplexer and then digitized by an ADC. - D
The digitized result can be either punched on paper tape
by a teletype or fed into the on-line computer (PDP
11/23) directly for numerical processing. By appro- Fig. 2. Block diagram of control system for data-taking cycle.
priate combinations of these sets of data, we can form
a logarithmic derivative of intensity as a function of (8) At the end of the waiting time, two similar data
energy or direct transmission. A computer program points are taken, except with the sample-in this time.
was written to obtain the numerical values and graphs This completes one data-taking cycle at one wave-
of derivative of the absorption coefficient, integrated length. The interval of the linear translation of the
result, and direct transmission as a function of en- sample mount and the wavelength drive as well as the
ergy. length of the waiting time can be adjusted by changing

All these data-taking processes are done in a sequence the appropriate program parameters fed to the micro-
at one wavelength, and after a cycle the system moves processor. The program of the microprocessor is taped
to the next wavelength. This data-collecting cycle, on a cassette tape and played by a cassette player at the
which is controlled by a microprocessor (Motorola beginning of the run of the system.
M6800), is operated in the following sequences. The
block diagram of the data-taking cycle is shown in Fig. Ill. Experimental Results and Discussions
2, which performs in the following cycle:

(1) The M6800 sends out pulses to the stepping A. Treatment of Data
motor driver which drives two stepping motors: one for Before a detailed discussion of the experimental re.
the linear translator assembly unit and another one for sults and the interpretation of the spectra of the indi--
wavelength drive. vidual substances measured, we shall present the

(2) The stepping motor which is attached to the method of presentation of data and the mode of anal-
linear translator assembly unit takes the sample in or ysis.
out of the path of the light beam. In the intrinsic spectral regions, values of the ab-

(3) While the sample mount is translating, the sorption coefficient were determined from transmission
wavelength drive is stepped by the second stepping measurements. In the extrinsic spectral regions, that
motor. is, impurity dominating regions, the integrated deriy-

(4) Then the system waits for a certain time before ative data were normalized to the laser calorimetry
taking the first set of data. In this study, we have measurement at indicated discrete laser lines. 16 This
chosen the waiting time to be approximately three times representation of the data allows us to display the fine
the lock-in time constant. structure excursions in absorption above and below the

(5) At the end-of the waiting time, two data points calorimetric point. In a number of cases a second ca-
are taken: one from the lock-in I, which is the intensity lorimetric point was measured at the other end of the
of the background radiation, and one from lock-in II, spectrum. It was found that the absorption coefficient
which is the derivative signal of the background radia- derived from this second measurement agreed with the
tion. integrated value obtained from wavelength modulation

(6) The microprocessor sends out reverse pulses to data.
the driver to step the stepping motor backward so the To discriminate the effect of atmospheric absorption
linear translator assembly unit will bring the sample on a sample, we ran each sample in two different am-
mount to the sample-in position. This brings the bient conditions, one in atmospheric ambient, the other
sample in the path of the light beam. in dry nitrogen ambient. The latter was accomplished

(7) Waiting time starts. by flushing the whole system by dry nitrogen gas flowing
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WAVELENGTH.&- Table I. Or4n of Saples Ued in This StUY
1210 a70 a 6 3 2.5
f il l KBr Naval Research Laboratory

Oregon State University
G KCI Hughes Research Laboratories

CY BaF2  Harshaw
MgF2 Optovac
SrF2  Hughes Research Laboratories

SAIOwSIO C; C&F2  Harshaw
CARBONiATES NaP Optovac

%,OU.O LaF3  Hughes Research Laboratories
NaCI Hughes Research Laboratories

%!. UF Meier
MgO Optovac

I I I I I I WAVELENGTH.m

I000 N 220 am 3000 400 2.5 3 4 5 6 7 8 910t1112 is20 40
WAVINUIE5R..-

1  0.

r.Fig. 3. Correlation chart of carbonates, C-H, 0-H. and water SAMPL Kbr
frequency. 0.2

into the system throughout the entire run. When the I ols
sample was placed in a dry N2 atmosphere, a continuous ..
change in the spectral distribution of the absorption was .0__
observed until the spectra stabilized after the sample BACKGROUND

.j.. had been in this gaseous ambient for an hour. .102
Correlation-type charts have been published that a 0.t

represent a tabulation of molecular-ion vibrational o.,:
frequencies as means of identifying possible surface and 1.o
volume impurities in alkali-halide laser window mate- 4000 3500 3000 2500 2000 160 1200 m 400 200
rials. 7 If one considers a frequency overlay of possible FREOUacv, cM-

impurities that can be present in concentration of 0.1 Fig. 4. Absorption spectrum of a typical KBr sample obtained by
ppm, one finds that a quasi-continuous absorption a conventional double-beam instrument-
would be expected throughout the 2.6-1 2 -Am region due
to the overlap of the Lorentzian tails of the various ab- 2 X 10-7 and 8 X 10- 18 cm - 1 , respectively.1 8 The actual
sorption bands. It has been felt that a heterogeneous measurements at best show 4.2 X 10-4 cm- at 10.6 Am
distribution of a conglomeration of chemical composi- and 2.1 X 10-4 cm - 1 at 5.3 ,m, respectively.' There-
tions which can be deposited on the surface from the fore, in these spectral regions, the absorptions are
environment would produce a uniform absorption mainly due to extrinsic origins.
throughout the infrared spectral regions.1 7 However, In Fig. 5 we show a typical result of our study of KBr
the distinct absorption bands observed in this study in two different ambients. In general, for the spectral
indicate the possibility of specifically identifying region from 2.5 um to 12jum, the samples in this study
dominant absorption centers. Figure 3 shows a corre- show a structure around 2.5 Am, multiple structures
lation chart of carbonates, C-H, 0-H, and water between 3 and 4.0 Am, a sharp peak at 4.2 ,m, a band

"' frequencies which prove to be the common bulk and centered at 4.8 um, multiple structures between 6 and
surface impurities encountered in this study. 8 Am, a valley near 9 .m, and a peak at 10.6 um at the

levels of absorption coefficient of -10-s cm-. Since
B. Discussions the relative magnitudes of these structures differ in

In Table I we show the origins of the samples used in different samples, the indications are that these bands
this study. have extrinsic origins. Although the spectra differ in

detail, the clustering of the spectral lines in similar
1. Potassium Bromide spectral regimes indicate common origins of the spectra.

Several different reactive atmosphere process (RAP) The magnitudes and linewidths of some of the bands
grown samples from various sources have been studied. vary when the samples are in a dry N2 atmosphere
The dimensions of the samples varied, that is, 2.5 cm in compared with a laboratory ambient, indicating that a
diameter and 1-7 cm in length. The absorption spec- portion of the absorption is due to surface physical ad-
trum of a typical KBr sample obtained with a conven- sorption. The structures that persist even when the
tional double-beam spectrometer is shown in Fig. 4. samples are flushed in dry N2 may be due to surface
Virtually no absorption structure is present in the ex- chemisorbed species or volume impurities. The surface

,, . trinsic spectral region above the noise level of the in- character of some of these bands was confirmed by
. '~strument, confirming the relative purity of the sample. performing similar measurements on 1-mm thick

Calculated values of absorption coefficients from the samples. Absorption coefficients of the order of 10-5

exponential behavior of the multiphonon processes from cm - 1 were observed on thick and thin samples with
Eq. (1) at 10.6- and 5. 3 -Mm wavelength regions predict slight differences in the spectral distribution. Due to
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WAVELENGTH. #m magnitude and linewidth of this peak vary from sample
1409876 4 3 25 to sample. In addition, placing a sample in N2 gas at-

.. -4 mosphere results in spectral changes that indicate that

42 part of this band may be due to surface adsorption.
r -1 2 _ However, there is a shoulder in this line near 3700 cm-

LAB ATM 10 Z that persists in dry N2 ambient and can be associated
NORMALZED TO with adsorbed H20.

(a) KsQ4xI0" M'Ch(T 3.sm S : The region between 3 and 4.0 ,m shows a superpo-
(LASER CALORIMETRY) 6 ' sition of structures that could be attributed to various

4 i~C-H bonds. The origin of these groups can result from
- surface contaminants due to alcohol that is used to

2 ~ disperse the grinding compounds used in the surface
0 polishing of the crystals. However, some of these bands
-2 may be due to volume absorption since some of the

spectra scale with sample thickness. Volume absorp-
4 tion due to C-H bonds can be due to carbonaceous

6 fractions, which can result from organic materials such
as water-soluble alcohols that decompose on melting

(b) 4 R and are incorporated in the crystals.
- A unique example of physical adsorption taking place

o -J on a surface of KBr is seen at 4.2 Am. This strong
0 = narrow band with varying intensity is observed at 2358

K~r -2 '2= cm - 1 on all samples of KBr. This is close to the gas-
DRY 41 ATM: phase value of 2349 cm - 1 for the C0 2 vibration. Since
NA0LI E0 this band is easily suppressed by flushing with dry N 2
K'a s0"4CM'AT Upm -6 -J gas, it is readily identified as due to a physically ad-

(LASER CALORIMETRY) _6 sorbed species. When the sample is returned to at-mospheric ambient, tis band returns. It was observed
-%0 that the C0 2 adsorption varies from sample to sample
.2 for the laboratory ambient. It is not unreasonable to

700 13D0 1900 2500 3100 3700 43 expect physical adsorption to depend on surface vari-
WAVENUMBR, CM"  ations or impurities in the substrate.

Fig. 5. Wavelength modulation absorption spectra of KB, K is the The band at 4.8 Am is most likely due to surface-
absorption coefficient in cm-1: (a) in the laboratory atmosphere; (b) adsorbed liquid water as the adsorption in this region

in a dry N2 atmosphere. is markedly reduced in a dry N2 ambient; some of the
additional structure in the 2 .7 -Am region can be due to

the complex superposition of the bands, it was difficult the vibrational structure of water as it is also reduced
to distinguish unambiguously which bands would scale by dry N2 flushing.
with a thickness that would identify volume absorption. The bands between 5.5 and 8.0 um are the most per-
The 4.2-Mm band was observed with the same intensity sistent of all structures seen in all the KBr samples.
for all thicknesses, confirming a surface origin. The Measurements on thin samples still reveal these struc-
continuous variation of the spectral features with the tures, which lends evidence that these are due to surface
thickness of sample that remains at -10- 5-cm - 1 levels chemical adsorption. The position of these bands is
indicates that, at this level of absorption, we have a consistent with the vibrational frequencies of various
combination of volume and surface absorption or there surface carbonate complexes. 21

is an inhomogeneous distribution of volume impuri- It is interesting to note that the data reveal a peak in
ties. absorption at 10.6 Mm and a valley around 9 Mm. It is

The region between 2 and 4 Am reveals several possible to identify the 10.6-Mm peak as due to the C-C
structures, while previous measurements by laser cal- vibration. It is our interpretation that the laser calo-
orimetry have indicated a peak near 2.7 Am which has rimetry data indicate a possible minimum in absorption
usually been associated with the stretching frequency near the CO 2 laser line at 9.27 gm.22 The wavelength
of the isolated OH- radicals.1 9 However, the laser modulation data definitely establish this valley.
calorimetry measurements are performed with a mul- The absorption between 5.5 and 8.0 um seems to be
tiline laser at a few discrete wavelengths and so can only due to surface carbonates. However, the absence of
infer a broad band with the great possibility of missing absorption at 1070 cm - I signals that the species are in
peaks or valleys. the form of carboxylates. Therefore, we can infer the

In this study, a prominent peak is observed at 3850 presence of chemisorbed carbonates not only by the
cm - ', which is shifted from the peak that is observed presence of absorption in the 5.5-8.0-Mm region but also
at 3610 cm - ' in deliberately doped KBr.2° It is not by the absence of absorption at 9.27 Mm. The 10.6-Mm
clear that such a large shift could occur due to different (960-cm - l) region corresponds to the 7-8-phonon region
crystallographic locations of OH- in the lattice. The for KBr; the intrinsic multiphonon absorption of KBr

15 April 1984 / Vol. 23, No. 8 / APPLIED OPTICS 1171A
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7'.,.'.suis sow tateve atthisregonthemain mecha- structure at 5.6 pm can be associated with chemisorbed
i ".' "nisrms of absorption are dominated by impurities, that carbonyl. Photoacoustic measurements on BaF2 and

*-" s - 4 m - ,tefo, masking intrinsic multi- SrF2 using a CO laser that was tunable to discrete lines
phonon contribution to the absorption_ in the 6-8-pm region have revealed a steplike structure

Bariu Fluridein the surface adsorption,2  while our results show dis-
_ .2. BriumFluoide inctbands. A structure around 1100 cm -] can be due

, Bysimilar analysis with KBr, we can readily identify to surface contaminations of secondary or tertiary al-
',,."i several main features of BaF2 in Fig. 6(a). A prominent cohol which is commonly used as a surface polishing

- bandat 4.2 pm can be associated with the physisorption chemical agent, isopropyl alcohol, for example.
:-.,ofatmospheric CO2 . The bands in the 4-6-Mm region The relationship between physisorbed CO2 at 4.2 Mm
' . canbe due to atmospheric water, while the bands in the and the formation of the carbonates CO 2 on BaF2 can

~3--4-pm region can be assigned to an overlap of hydro- be seen if we compare the data on BaF2 in two different
carbon bands. Internal reflection spectrum of an eth- ambients. Namely, higher adsorption of CO2 at 4.2 pm

.,. .. ,ylene-glycol-polished BaF2 plate and a water-polished gives rise to the formation of more carbonates CO 2

-' BaF2 plate showed the absorption structure at 2915 around 6.5 Mm.
, ", cm-' (3.43 pm), and it was attributed to C-H
..-.. stretching absorption from residual organic material 3. Calcium Fluoride
" used in cutting or preparing the plates.1 8 The bands The CaF2 data in the laboratory ambient are shown
+ in the 6--8-pm region are associated with carbonates, in Fig. 7(a). Here we can see the similar distribution
f.; The fact that the bands in the 3--4-pm and 4--pm re- of bands as exhibited by BaF 2: adsorbed CO2 at 4.2 ,
[' ',~m" "gions are largely due to physisorbed species is confirmed overlap of various hydrocarbons in the 3--4-pm region,

by the decrease in absorption in the dry N2 atmosphere liquid water around 4.8 pm, carbonyls around 5.6 pm,
[" data shown in Fig. 6(b). and carbonates in the 6-27.5-pm region. Comparison
:'..-The region between 6 and 8p.m in BaF2 shows con- of Figs. 7(a) and (b) reveals several features. The fact

siderable structures whose magnitudes vary only that the CO2 band is suppressed in dry N2 atmosphere
slightly with dry N2 flushings. These structures can be confirms the nature of physisorbed CO2 on the surface.

V .1172 APPL ED OPTICS / Vol. 23. No. 8 /i1 AprIl 1984

NJ
!:...:¢:..~ t ,.+  . - . .,..... .,':, .:,.- . X ., ;.¢ .2-.. .,,: ;, ,..-'-..:,0.3,0 :.. ,,- .;

' -',? ¢ ,',,t,-r,',,. , ', , ,'7 '. " .. •-" . . . ,, :: 'r,,,P,,'. '. ' ." )-. ;,, J,'. ', '.,, ", ' ",, ,,:..P..." ',, -+ ," ,,.,,',-.- - ,+ .-0,,-,,6
__ L lr j : + : - - ' : ' • - ' , - + + : 1 =- + - li .-B@ F.



WAVELENGTH. Iom WAVELENGTH. ism
1210 a7 6 4 3 2.5 t2 10 67 6 5 4 3 2.5

2.0 I I I I l ll l I I I I I I -

1.6 LAB ATM 6

1.2 0 NORMALIZED TO: 2

GA K 9.9 a 10-4 cm-1 AT 2.8 om P-
-LASER CALORIMETRY) 2T

1-2 t Z

-- EO /*NORMALIZED TO: -6

(a) 0 1.9 X10- 3ORI -

"~~A 2 T2

14 (a MLASER CALORIMETRY T -
2.0

- kF2  0
1. DRY N2 ATM 0

0 -ORMALIZED TO: O2 z
K - 9.9 z 10 emnl AT 2. 6n . 0

O(A0LASER CALORIMETRYA -4 C
2 W-_0

0 mo -6 U L7

WAVENUY N2 cU
-

E,) 0NORMALIZED TO: -2-

F .& W eln hmou tona opto ec oSr2Ki teI I I I I I I I I I I - iI~1000lo 2M0 2600 34W 000(AE LOITR)_1
WAVENUMER. em- 1

-

Fig. & Wavelength modulation absorption spectra of SrF2; K is the
absorption coefficient in cm-': (a) in the laboratory atmosphere. (b) 1000 1600 2200 2300 3400 4000

in a dry N 2 atmosphere. WAVENUMBER. cn - 1

Fig. 9. Wavelength modulation absorption spectra of NaCI. K is the
Carbonyl around 5.6 gm appears to be chemisorbed absorption coefficient in cm-: (a) in the laboratory atmosphere; (b)
species. We note here that a band at 6.5;Am in Fig. 7(a) in a dry N2 atmosphere.
disappears in (b) completely. This band must be due
to physisorbed carbonates. The relationship of phys- that the disappearance of carbonate at 6.5 urm can be
isorbed C0 2 and carbonates in two different ambients attributed to the suppression of physisorbed CO 2 . A
clearly indicates the active participation of adsorbed small structure at the tail of the intrinsic region is due
CO2 in the formation of physisorbed carbonates. This to the chemisorbed species on the surface from the
is particularly clear in CaF 2, even though we can see this surface polishing chemicals.
relationship in most of the samples studied. A struc-
ture around 8 urn is again due to the surface contami- 5. Sodium Chloride
nation. From Fig. 7(a) and (b) we can conclude that The NaCI data in both the laboratory and dry N2
these are chemisorbed species. They can be surface- atmosphere, Figs. 9(a) and (b), respectively, show
polishing chemical agents such as secondary and terti- prominent structures. Although the spectral distri-
ary alcohol. bution is different in detail in two different ambients,

we still can identify the structures: 10-11-ur
4. Strontium Fluoride (>C--CH 2 alcohols), 6-8-gm (carbonates), 5.6-Mm

The SrF2 sample used was from a press-forged RAP (carbonyl), 4.8-urm (liquid water), the 4.2-urm (CO 2),
boule. In Fig. 8(a) weshowdata of SrF 2 in the labora- 4-urm (C-H), and 2.8-ur (OH-) bands. The promi-
tory atmosphere, where we can see all the main features nence of the bands in both ambients is consistent with
of BaF2 and CaF2: hydrocarbon in the 3-4-um region, the greater surface activities which are expected fer
CO2 at 4.2 um, liquid water around the 4.5-urm region, NaCI as compared to the other substances in this study.
carbonyls around 5.6 urm, and various carbonates in the Comparison of Figs. 9(a) and (b) reveals the difference
6-7 .5-urm region. In Fig. 8(a) we note the emergence between chemisorbed species and physisorbed
of a structure around 2.8 um. This can be due to OH- species.
in bulk. Judging from the dry N 2 gas atmosphere data A vibrational frequency of C0 2 adsorbed on NaCI
in Fig. 8(b), C-H bonds in the 3-4 um region must be shifts only slightly (4-5 cm- 1 ) with respect to the
due to chemisorbed species. In Fig. 8(b) we again see gas-phase frequency. The molecule is only weakly
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Fig. 10. Wavelength modulation absorption spectra of MgO; K is The region of intrinsic absorption in MgO shows some
the absorption coefficient in cm-: (a) in the laboratory atmosphere; fluted structures in the multiphonon absorption tail.

(b) in a dry N2 atmosphere. The rise -1600 cm -1 agrees with the shoulder previ-

pycdyously studied in the multiphonon spectra of MgO and
perturbed by the surface field, and the energy of inter- was attributed to a four TO phonon process by suitably
action with the adsorbent is not high. The ease of re- averaging over the dispersion curves. 25

moval of CO2 on evacuation was observed. 24 It is in-
tersting to note that the intensity of absorption due to 7. Sodium Fluoride
CO2 can be reduced by flushing alone as this study Comparison of the NaF data in Fig. 11 shows a large
shows. decrease of the band heights in the 2.5-4.0-pm region,
6but the familiar patterns shown in BaF2, SrF 2, and CaF 2

are still apparent. The relationship between the ad-
The data for MgO are shown in Fig. 10. The most sorbed CO2 and surface carbonates at 6.5 pm is clear.

prominent features seen in the laboratory ambient are In both Figs. 11(a) and (b) we can observe a little break
a doublet in the 2.8-3.0-pm region (water and OH-), -1100 cm-; this corresponds to the regime of three'p
some trace of a possible CO2 at 4.2 pm, a structure in the phonon spectrum. 26 But it can as well be due to surface
4-6-pim region (liquid water), and very slight structure contamination of chemisorbed species of some alcohol
in the 3-4-pm region (hydrocarbon). It is interesting which is often used as surface polishing reagents-ter-
to note that, of the doublet in the laboratory ambient, tiary alcohol, for example.
it is only the 3.0-pm band which survives dry N2 flush-
ings with a noticeable suppression of the 2.8-Mm band. 8. Magnesium Fluoride
In a previous study6 of MgO, impurity bands were ob- The MgF 2 laboratory atmosphere data shown in Fig.
served between 3.8 and 2.7 pm. Our study clearly shows 12 reveal a cluster of bands similar to those observed in

- that the 3.0-pm band is due to bulk or chemisorbed BaF 2. Again the ubiquitous CO 2 at 4.2 gm is evident.
OH-, while the 2.8-pm band is due to physisorbed The 2.8-pm and 4-6-pm regions reveal the liquid water
OH-. and OH- bands, while the 3-4-pm region reveals the

1174 APPLIED OPTICS /Vol. 23. No. / 15 April 1984
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Fig. 12. Wavelength modulation absorption spectra of MgF 2; K is 10. Lithium Fluoride
" the absorption coefficient in cm- 1: (a) in the laboratory atmosphere;

(b) in a dry N2 atmosphere. The LiF data in Fig. 14 show little structure indi-
cating that LiF is the least surface active of all the
substances studied. The absence of the 4.2-urm band,

possible overlay of C-H bands. The 6-9-urm bands which was visible in all the substances studied, should
seen in BaF2 seem to be absent or are obscured by the be noted. The only band which seems to be noticeable
strong water band in the 4-6-.um region. The MgF 2  is the 4.5-urm band in both ambients, and this can be due
data in dry N2 atmosphere in Fig. 12(b) show a dramatic to water.
suppression of all the above bands. The remaining 11. Potassium Chloride
structure can be due to volume or chemisorbed species:
the rise in the neighborhood of 2.8 and 4.8 urm can be If we examine the data of KCI shown in Fig. 15 in the
due to OH- and liquid water, respectively, light of the discussion of the identification of the bands

seen in other alkali-halides (KBr, for example), similar
9. Lanthanum Fluoride features can be discerned. It is interesting to note that

The LaF 3 data in the laboratory atmosphere shown the adsorbed C0 2 band is markedly suppressed in KCI
in Fig. 13(a) reveal the CO2 band at 4.2 um, the possible relative to KBr. The band around 1400 cm - I can be
carbonates in the 6-8-um region and OH- band near 2.8 due to the chemisorbed species of surface carbonates.
um. However, it should be noted that the bands in the The band around 1900 cm- can be due to some type of
3-4-urm region due to C-H vibrations which have been carbonyl.
prominent in BaF 2, SrF2, MgF 2, CaF 2, and NaF seem
to be absent or greatly suppressed. In the dry N2 at- IV. Summary
mosphere data shown in Fig. 13(b), the peak near 2.8 urm The infrared wavelength modulated spectrometer
possibly due to OH- is about the same height as shown system that we have developed has the capabilities of
in Fig. 13(a). The structure around 1200 cm - is due detecting a change in absorption of a part in 105 out of
to chemisorbed surface contamination, tertiary alcohol, a relatively smooth background in the spectral region
for example. from 2.5 to 12 um. This sensitivity can be realized from
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This paper reviws the status of point defect studies in HgCdTe and presents new data on thec of impurities in CdTe, on shallow and deep acceptors in anemic-doped HgCdTe,
and on the ability of electron paramagnec resonance (EPR) to detect defects in HgCdTe. Point
defects are important in controlling carier coetrations, mmoity-carrier lifetimes, and nme
in HgCdTe. Shallow impurities from dopants are fairly well understood and their effects follow
what is expected from the periodic table. Intrinsic defects such as the mercury vacancy, which is
believed to act as a shallow acceptor, are lea well understood and suffer from a lack of
characterization techniques that can identify individual defectm Deep-level defects are prsent
with concentraions proportional to the shallow acceptor concentrationL These centers often
control lifetime and noise. Many of these have been electrically charactered but not identified.
Theoretcal work by several groups to calculate defect levels has begun. At present, the errors in
this work ar larger than the HgCdTe band gaps, but the calculated trends are important.
Experimental data on identified deep levels are needed both for guiding material improvement
and for improving the theoretical modeling.

L INTROOUCTION the real acceptors. The data for CdTe and HgCdTe at pres-

The point defect studies considered in this paper are vacan- ent is mixed and incomplete. These data are reviewed here.

cies, interstitials, impurity atoms, and complexes. The ef- The enthalpy needed to produce a mercury vacancy in
fects ofetmded defects such as dislocations, grain boundar- x - 0.2 material is 2.2 eV compared with 4.7 eV estimated

ies, ipitates, and voids are not covered. In the simplest for producing the cadmium vacancy.2 Because of the low

terms, the defects that introduce shallow levels in the formation energy for the mercury vacancy this species domi-

HgCdTe band gap are important in controlling the free car- nates the annealing effects Heating to higher temperatures

rier type and concentration, while the defects with deep elec- with low Hg overpressures tends to produce vacancies, and

tronic levels in the gap can control minority-carrier lifetimes heating to low or moderate temperatures in high mercury

and overpressures tends to fill the vacancies. The defect kinetics

The first section of this paper reviews the status of shallow for this have been modeled by Vydyanath' and data and

defect doping and characterization, and the second section predicted curves are shown in Fig. I for x = 0.2 material.

deals with deep level defect studies. This section also reviews The b rsc ractions are assumed to be

ome of the theoretical workon point defects in HgCdTe and H4 ** V4 + 2h + Hgtg), (1)
makes some suggestions for future research. and

IL SHALLOW LEVEL DEFECTS Hg(g,:Hg + 2.', (2)

Shallow level defects have been introduced into where z, ', and • refer to neutral, negative, and positive ele-

Hg, _.,Cd, Te both by annealing to adjust the mercury va- ments, respectively, and the subscripts give the site. Each

cancy concentration, and by impurity doping. This section reaction corresponds to a mass action equation for the con-
reviews the intrinsic defect reactions which give a basis for centrations of the reactants, giving

modeling the annealing behavior. It also reviews what is JK - [V;4J][h'P,4 (3)
known about residual impurities and dopants in
Hg, -. CdTe. andK.,8 - [Hg;'J (,'J 2/P,,. (4)

A. Undoped HgCdTo The model includes assumptions that at the annealing

The carrier concentration in annealed, undoped HgCdTe temperatures the negative ion contribution is dominated by
is usually assumed to be due to mercury-vacancy acceptors. mercury vacancies, and that tellurium interstutials, impuri-
In many compound semiconductors, however, impurities ties, and complexes can be neglected. As shown in Fig. 1, for
that move into the metal ion vacancy have been found to be high hole concentrations above 10" cm -, the theory can be

131 J. Vs. ge. TeehntL A 3 (1), Jan/Peb 1946 0734-2101I1/010131-07001.00 (g 1965 Amwefan Vacauam 90clet 131
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explain the shift from [ V ] -PH, - shown in Eq. (3) to donors, then excitons bound to a series of shallow acceptors;
[V I -Pm -'J- as being due to the change in the hole off the figure at longer wavelengths - 8250 to 8900 A do,

- concentration at the annealing temperatures from intrinsic nor-acceptor pair luminescence is also seen. Molva et a] "
, to vacancy-acceptor domted.' have done furnace diffusion impurity doping and have iden-

Companson of" undoped- with copper-doped material tifhed the major acceptor bands seen in CdTe with copper,
sugests that the me y-vacancy acceptor in undoped ma- lithium, sodium, and silver, these are labeled to the figure
terial is a double acceptor. This shows up in the decreased Energies identified for the shallow acceptors in CdTe are
mobility due to doubly charged ionic scattering in undoped E, + 0. 147 eV for copper, E, + 0.059 eV for sodium, E,
material and in the defect introduction rates. + 0.058 eV for lithium. E, + 0.263 eV for gold. E, + 0.10"'

Raman spectroscopy data obtained by Pollak er al." have eV for silver, E, + 0.056 eV for nitrogen, E, + 0.068 eV foy
identified a defect mode with spherical symmetry, called the phosphorus, and E, + 0.092 eV for arsenic." Figure 3
clustering mode. at 136 cm- x = 0.2 HgCdTe that would
fit the vacancy symmetry and not that of a substitutional
ion.' Rhiger and Cornilsen have found that this center is
more intense in annealed HgCdTe with higher acceptor con- Cde VM zC - 1o

.. centrations and presumably higher vacancy concentra-
• t otts. 4

- The annealing data of Vydyanath and the Roman data
suggest that the mercury vacancy is present in HgCdTe and Et 0.10ev
that impurities moving into the vacancy at room tempera- . 3
ture do not dominate for material with high mercury vs- .,

cancy concentrations, i.e., above 10" cm - .
While the mercury vacancy model seems to fit the data for 2

HgCdTe, the metal vacancy is not seen as the dominant ac- at -O '
ceptor in ZnS, ZnSe, and possibly CdTe. The vacancy is pro-
duced by the usual annealing or growth techniques, but re-
idual unpurities such as copper, silver, lithium, or sodium

move into the vacancy producing single-level shallow accep-
tors.' Because of the ability of some defects to diffuse at room
temperature the simple intrinsic defects are lost to subsutu-
tional impurities or complex formation.

In CdTe the evidence for impurity domination of the ac- 40 82

ceptor concentrations are based on luminescence data. Lu- 'K, (ev1
tmnescence data for CdTe at low temperatures is shown in F 3 Coodumtwty v teomprurr for p-type CdTe. shcming actus
Fig. 2. From left to right (from high to low energiesi free merpm eama to tbow adeoued try Iumanarnce for ul'er and a H a,
e•citon (FE) luminescence is seen, excitons bound to shallow son
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shows conductivity venus temperature data for a sample of an oxygen-related defect is one of the important residual
CdTe." The major shallow acceptors seen have energies of donors. By decreasing the oxygen content of LPE HgCdTe
0.11 and 0.06eV, corresponding to the silver and alkali levels the residual donor concentration could be reduced to the
identified in the luminescence. Braunstein et al." have mid-10" cm level.

shown the same levels in CdTe by photoinduced transient
currents, a photoexcited DLTS technique that works in B. Doped HgCdT@
high-resistivity material. These data are shown in Fig. 4. Shallow impurity doping in HgCdTe ° 2 2 has been report-

It is very important to verify the identifications of the lu- ed by several groups. The group I and group III elements
"'minsene bands or the defect energy levels in CdTe. Mag- tend to substitute for mercury and act as single acceptors and
neric field studies have shown that these bands are due to donors, respectively. The group V and VII elements act simi-
substitutional T, symmetry centers, not vacancies. 2 Using larly on the tellurium sites. Silicon and germanium, which
the identified shallow acceptors, several techniques includ- could go either way, seem to favor producing donors on the
ing luminescence, Hall effect, resistivity, photoinduced cur- mercury sites. These trends are shown in a simplified period-

- . rents, and optical absorption can be used to characterize the ic table in Fig. 5. No activity has yet been identified with
acceptor levels, which may be due to copper, silver, sodium, carbon. One old rule of thumb that has fallen by the wayside
or lithium in CdTe. Dean' 3 has argued that bound exciton is that all group I and group III elements are fast diffusers.
luminescence from the neutral vacancy may not be possible. Boron and indium implants have shown slow diffusion
The vacancy may be present and have an energy level similar fronts after annealing, and irdium-doped epitaxial layers
to one of the other acceptors, and just not be seen in lumines- have shown minimal interdiffusion after annealing. Indium,
cence. The available data, however, suggest that the shallow when evaporated as a metal on the surface of HgCdTe, seems
acceptors in "undoped" CdTe are probably due to impuri- to react with the material, possibly producing vacancies that
ties, possibly copper, silver, and alkalies. cause the anomalously high indium diffusion for these con-

Low-temperature luminescence was reported for ditions. No electrical activity has been observed for group II
HgCdTe by Hunter and McGill, '4 but the bands were very element zinc, at concentrations up to 10" cn- 3 .
broad, and it was not possible to resolve individual bound Vydyanath et al., have studied copper, indium, phos-
exciton bands for different acceptors. This makes lumines- phorus, and iodine doping i HgCdTe and have modeled the
cence impurity characterization and identification using a solid-state defect reactions expected. 3 ' Electrically ac-
magnetic field' 2 and stress perturbation studies (as was done tive indium is measurably lower than the total indium con-
in CdTe) very difficult in the HgCdTe alloys. Techniques to centration and formation of the In Te, compound is suggest-

distinguish the various electrically active impurities in ed. The modeling also suggests donor-acceptor pairs in
HgCdTe need to be further developed, iodine- and phosphorus-doped material involving

For lower carrier concentration levels, less than 10" (T -)(PH P,) 0 (PH V.),and (PHV..) whereIT.- 3 (IT. VH, )-,(x ,).(, x - n P .V . + hr
cm copper, silver, and the alkalies may be important in is iodine on a tellurium site, and P. is phosphorus on a
controlling carrier type and concentration in "undoped" mercury site.
HgCdTe also. This has been described in several papers, ' - '"
and the effect of lithium build-up in ion-implantation re- C. Dilcusmion
gions was reported by Bubulac et al." In n-type undoped
HgCdTe the carrier concentration is set by the residual do- Mercury vacancy introduction explains the acceptor n-
nor impurities and not by the intrinsic defects, such as the troduced by annealing in HgCdTe, but for low carrier con-
mercury interstitial. Yoshikawa et al." have suggested that centrations such impurities as copper, silver, alkalies, and

oxygen may be important. CdTe may be impurity-dominat-
ed even after annealing to produce vacancies. Doping fol-

2lows the trends expected from the periodic table. Impurity
.. ' .characterization techniques for measurement of electrically
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active copper, silver, alkali, and donor concentrations need where the brackets denote concentrations and K is the mass
Sto be verified for CdTe, and are not at all well-developed for action proportionality constant. Equation 6 shows that the

HgCdTe. Several areas for further work include the follow- concentration of a complex involving the shallow acceptor
ing: determining if the Cd vacancy exists at room tempera- will be proportional to the acceptor concentration.
ture in CdTe, characterizing the energy levels, sites and con- In earlier work. Jones et al." have presented DLTS data
centrations for interstitial atoms (which at present are characterizing the traps in undoped, copper-doped, and
completely unknown) varifying with impurity characteriza- gold-doped HgCdTe. The DLTS technique is able to identify
tion techniques the assumed solid-state defect reactions, and the trap energies, capture cross sections, and concentrations.
determining the importance of defect complexes. These are the parameters needed to calculate the effect of a

trap on the minority-carrier lifetime and noise.
Ill. DEEP-LEVEL IMPURIES For undoped HgCdTe, two traps are commonly observed

* Figure 6 shows the 77 K minority.carrier lifetime in un- at E, + 0.4E,, and E, + 0.7E,, as well as the shalow

doped and arsenic-doped Hgo., Cd0. Te as a function of the acceptor level at E, + 0.015 eV, believed to be due to the

total acceptor concentration. Similar data for undoped mercury vacancy. The deep levels may be related to different

HgCdTe have been reported by Tobm2'6 and Pollak et al.21 In charge states of the same defect, since increasing the electron

both cases shown in Fig. 6, the minority-carrier lifetime is flux during trap filling causes the one electron trap peak to
inversely proportional to the acceptor concentration. The decrease as the second increases. The concentrations of these

minority-carrier lifetime for the arsenic-doped material is defects have ranged from approximately equal to the shallow

three to ten times longer than that in equivalent undoped acceptor concentrations, to 1/100 of this value. This is an.
material. At low temperatures the expression for minority- other point suggesting the deep defect is a related defect, not

carrier lifetime, due to recombination through deep traps, another charge state of the shallow acceptor. The capture
has the simple form cross sections are larger for electron capture (a. 10 16

cm2 ) than for hole capture (a,= 10-  cm'), suggesting a
r = (a_ (v. )NT)- (5) donorlike defect. This is also contrary to the suggestion that

where a = minority-carrier capture cross section at the deep these centers may be the second acceptor level of the mer-
defect, (v,) = minority-carrier average thermal velocity, cury vacancy. The energies, capture cross sections, and con-
and Nr = trap concentration. centrations for these deep levels were found to fit the minor-

The data in Fig. 6 suggest that there is a deep recombina- ity-carrier lifetime and thermal-noise currents for the
tion center with a concentration NT directly proportional to devices with no adjustable parameters."'
the shallow acceptor concentration. The deep center and the In copper-doped material, two new deep level defects were
shallow acceptor do not have to be the same defect. The seen. The fact that the deep defects can be changed is impor-
proportionality holds for any defect or complex involving tant, since this indicates that the trapping and noise genera.
the shallow acceptor due to mass acnon, as follows: tion may be controllable with the proper dopant The deep

(shallow acceptor) + (another defect) K (omplex), levels again appeared donorlike (a. > a,) but their energies
( le ( ) were fixed at E, + 0.05 eV and E, + 0.15 eV, even though x

[complex] - k [acceptor] [defect] , (6) and the band gap were varied.
In the gold-doped samples different deep levels were seen

in different samples, suggesting several different complexes
could be formed depending on the other impurities or defects
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*m AS DOPED p-TYPE MATERIAL
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Fi. l0. The DLTS meured actvaio merpus for the umac-redaed
Sdefect ian Hg, -. Cd. Te ( 4 L") and the etmad defet eneram, afer cmr-

tucuag for the tempe uwo dpade=c othe capture crams som (E4 are
shown - a fbancb of xamxuo

,/T (,P-I served with a concentration near 3 X 10 6 CM- . A smaller

... F. A. Ener eis for two hole trp in armeodoe x 0.41 peak at higher temperatures is seen at a concentration of 10 "
HS, -,CdTe dermined from the ,mpstr depde ( othe na cm - . The emission rates as a function of temperature are

_ ism time Constant I,. shown in Fig. 8, and they yield uncorrected DLTS activation
? energies of 0.21 and 0.29 eV. The capture cross sections for

holes can be determined from the time needed to fill the
*present, or on the thermal history. Again, the deep centers centers. These data are shown in Fig. 9.

seemed donorlike with a. > q,. For both the gold and cop- The major center in the arsenic-doped material has a.
per doping the dopant-related deep levels limited the minor- 0- 10-' cm2 and a"=_ 1 CM2. The major center acts as
ity-carrier lifetime, and dominated the noise generation. if it is a multiple acceptor, with both hole and electron cap-

New data have been obtained on arsenic-doped material. ture taking place on a negative center. The minor center acts
Arsenic predominantly substitutes on the tellurium site as an donorlike, with electron capture being easier than bole cap-
acceptor at E, + 0.01 eV for arsenic concentrations in the ture. This minor center in this-sample seems to be the one
10l cm-3 range, or less. At high concentrations the activa- predominantly seen in undoped HgCdTe. Because of its
tion energy is lowered due to overlap ofacceptor wave func- small minority-carrier (electronl capture cross section, the
dons, and E, = E,, + 0.004 eV at arsenic concentrations of major center does not control the minority carrier lifetime,
5X 10 7 cm - 3. DLTS data for x = 0.4 HgCdTe doped to the minor center does. In the arsenic-doped material the car-

3 10" cm are shown in Fig. 7. One major peak is ob- rier concentration can be controlled by the arsenic doping
level, while the minority-carrier lifetime can be controlled to
some extent by annealing to remove mercury vacancies,

1.0 which also lowers the concentration of the center commonly

1% * 3.2 x 10 observed in undoped material.
Data for x = 0.2 and x = 0.3 material have also been tak-

-4/.. *en, and the energy levels for the center that seems to be ar-
senic-related are shown in Fig. 10. The energy level scales

'r. 0.1 with the band gap, as do the levels seen in undoped material,
.•0. " but in contrast to the levels in copper-doped material, which

N,-'h f i I were fixed relative to the valence band.

f.1.4 x 10 1 6 CM 2

.h1 4 x 1 A. Defect Identification

0.0.1" While the deep-level defects have been characterized elec-
Hg0 .5 9Cd0 .41Te As - 3 a 1016 cm"  trically, and their concentrations related to different shallow
£ * , , , , , , , J acceptors, there are still no firmly identified deep-level de-

20 4C 60 80 100 fects. Theoretical calculations of defect energy levels so far
FILL TIME (nsec.) only provide an indication of trends, since the accuracy is

M..9. Captm aecco for t -tr d ,-,= probably on the order of ± 0.5 eV, much larger than the
the na 111ms-ho n oin HgCdTe band gap. In a simplified picture, the energy levels
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ofa defect depend on the potential chosen, and on the over-
lap of the defect wave function with the wave function of the
host crystal having the same symmetry. Chen and Sher"0

recently compared the expected energy levels for defects in A

CdTe using four different literature calculations for the k . I m, A , I -__ ,

CdTe wave functions and energies. Even using the same po- .
tentiaL a defect could shift in energy from near the valence j.- E, -
band to near the conduction band, depending on the model ,5
used forthe CdTe.
A few firmly identified deep levels in HgCdTe would help 0 2S "0 75 100 125 I 17S 2

establish the theoretical parameters, and would provide ex- !,Metwo ('K)

tensive leverage in allowing the energies of many other de- FIG. I . Temperature dependeuc for the EPR centers observed in p-type
fect centers to be estimated with usable accuracy. One gen- mndoped HS, _Cd, Te, x - 0.3.
eral trend in the calculations is the change in a defect level as
the Hg, -. Cd. Te x value is changed. 31 32p-type states on the
tellurium site are fixed relative to the valence band, while the reactions in silicon and GaAs. Initial EPR work with CdTe
s-states on tellurium and the s- and p-states on the mercury was often without success, and it was not known whether the
site tend to scale with the band gap. alloy effects would broaden the HgCdTe spectra so much

The centers in undoped and arsenic-doped HgCdTe that they would be undetectable. Initial studies by Hutton,
scaled with the band gap, suggesting mercury site defects, Drumheller, and Jones have revealed several EPR centers in
while the levels in copper-doped HgCdTe stayed fixed rela- undoped x = 0.3 HgCdTe. One, or possibly two, shallow
tive to the valence band, suggesting tellurium-site defects. acceptors are seen near g = 2.35 to 2.5, one with an activa-

Preliminary data on two other experimental techniques tion energy of I meV, the other with E,, = 10 meV, which
that may help identify defect models have recently been ob- may be the mercury vacancy. A deep center near g = 3.0
tamed. Amirtharaj et aL,4 reported work with polarized Ra- with an activation energy of 0.050 eV seems to have (111)
man scattering on single-crystal material, and were able to wave-function symmetry. The temperature dependencies of
distinguish symmetries for scattering centers. Electron para- the EPR centers are shown in Fig. 11.
magnetic resonance (EPR) techniques can be used to deter- While detailed structures still have to be worked out for
mine defect atomic components and defect symmetries, and both the Raman and EPR centers, it is encouraging to know
have been very important in identifying defects and defect that these techniques will work in HgCdTe alloys.

TABLE L Dep-levei centers een in Hg, -. Cd.Te.

-'sermia Levels Data Sugested models

Undoped HgCdTe 2 levels at Donorlike (. >a, Hg itersuual,
E, + 0.4 Eg Levels probably different Si, C, or C1 on
and Kates of the same Hg site, or Te
4E + 0.7 Eg defect. Concentration varies anUtsiz

from I to 1/100 [Hg]

vac. concentration. These
Control lifetime and
no-e in undoped

Ca doped 2 levels Donorlike. These Cu on Te site.
E, + 0.0 eV control lifetime or Cu complex

E, + 0. 150 eV. and ooe in with donor.
Fixed re ative to Cu doped materal.
4v

An doped Sevali dif- Donorlike. Au related
fere ti levels muJuple
sem in dif- complexes.

% faet amples.

As doped One level near Acceptorlike (a, > a.). Complex of As.

1/2 E,. with No a good recombusa-

the cmon bon Center.
-.doped deects.

seendeptnd-S
on the anneal.

A
, S s. im. TecnoL. A, VO4. 3, No. 1, Jan/Feb 19815



137 Jomee s &L: Status of point defects 137

B. Discussion of deep-level defect* 'H R. Vydyanath, J. Electrochem. Soc. 12, 2609 (1981).
2S. S. Chern H. R. Vydyanath, and F. A. Kroger, J. Solid State Chem. 14,

A summary of the data on deep levels in HgCdTe is given 361(1975).
in Table I. Several comments on the status of deep level stud- 'H. R. Vydyanath, J. C. Donovan, and D. A. Nelson, J. Electrochemn. Soc.
ies can be made, (a) Detailed electrical data on trap energies, In, 2625 (1981).
capture cross sections, and concentrations have been ob- 'P. M. Amirtharaj, K. K. Tiong, P. Parayanthal, Fred H. Pollak, and J. K.
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Foreign elements dope HgCdTe as expected from the Pe- (1982).
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fy different electrically active shallow-level impurities need G. Neu, Solid State Commun. 44, 351 (1982).
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Wavelength-Modulated Spectra of the Optical Properties
of G'-CuZn_. from 1.5 to 5.1 eV
at the B' = a + B' Phase Transitions)

]BY

R. STE'ANS3 ), R. BRAtNqSTE=, and L. MULDAW'Fm)

Wavelength-modulated derivative spectra of the reflectivity of P'-CuZnl-, are determined
between 1.5 and 5.1 eV for compositions near the 0' z- ,, + 0' phase transition. The alloys are
annealed and quenched in the A' phase on both sides of the phase transition. Both the intraband
and interband properties show marked changes at the transition. The Drude effective mas
increases dramatically for the 0' phase in the region where a + A' composition is thermodynami-
cally preferred, indicating flattening of the bands. Shifts in interband properties also show a
marked change at the phase transition, with the conduction bands showing a much greater sensiti-
vity than the d-bands.
Wellenlingen-modulierte Ableitungsspektren des Reflexionskoeffizienten von 0'-Cu2 Znl - werden
zwischen 1,5 und 5,1 eV fdr Zusammenetzungen nahe des P' = a + P'-Phasenfibergangs be-

stimmt. Die Legierungen werden in der P'-Phase auf beiden Seiten des Phaseniibergangs ge-
tempert und abgeschreckt. Sowohl die Interband- als such die Intrabandeigenschaften zeigen &us-
gepragte Anderungen am Vbergang. Drudes effektive Masse steigt fur die .'-Phase in dem Bereich,
wo die a + 5'.Zusammensetzung thermodynamisch bevorzugt ist, dramatisch an, was ein Ab-
flachen der Binder anzeigt. Verschiebungen der Interbandeigenschaften bestatigen diese Deutung
und weisen auf konkurrierende physikalische Mechanismen hin, die diese Verechiebungen ver-
ursachen.

1. Introduction

Ordered beta brass (P'-CuZn) is a traditional prototype binary alloy obeying the Hume-
Rothery rules [1]. Its theoretical electronic band structure, Fermi surface phase
stability, optical and other properties have been the subjects of extensive study
[2 to 8]. The wavelength-modulated spectra of the optical properties of a series of
compositions of this alloy system have been studied in the hope that they will help
lead to a better determination of the Cu and Zn potentials.

The individual shapes of conduction and Cu d-bands are, according to calculations
12], largely independent of small variations in crysta! potential; however, the relative
position of the d-bands and conduction bands were shown to be very sensitive to the
nature of the potential. The bands originating from the d- and lower core electrons
of the elements depend primarily on the nature of the potentials within a ratius of
one atomic unit [3]. Self-consistent free-atom potentials provide a reasonably accurate
description of the fields experienced by these electrons. It is the behavior of the
potential between 1 at. unit and the atomic cell boundary which is most uncertain.

1) Los Angeles 90024, USA.
") Work supported in part by the U.S. Army Research Office, Durham, North Carolina, and by

the Air Force Office of Scientific Research.
2) Current address: Newport Corporation, Fountain Valley, CA 92708, USA.
') Permanent address: Temple University, Philadelphia, PA 19 122, USA.
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* 4 Fig. 1. Comparison of crystal potentials for 5'.
7CuZn based on modification of free-atom po-

"", c,', tentia&l (from [3])
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The energies of the valence electrons are very sensitive to variations of the potential
in this region and to changes of the constant potential V0 between muffin-tin spheres.
The conduction bands can be shifted relative to the d-bands simply by altering the
slopes of the potentials beyond a radius of 1 at. unit or by adjusting V0. This is il-
lustrated in Fig. 1 for several possible potentials chosen for Cu and Zn. The resulting
band profiles for the stoichiometric alloy along the [110] direction in the cubic Brillouin
zone are shown in Fig. 2. It can be seen that the d-bands are effectively shifted with
respect to the conduction bands for various choices of potentials.
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Fig. 3. Phae diagram of CuZn alloy
low 1system (from [9])
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The phase diagram of the CuZn alloy system is given in Fig. 3 (cf. [9]). The P'-phase
is an ordered alloy of the CsCl(B2) type. This phase exists at low temperature within
a narrow range of compositions. At higher temperatures it disorders to the P-phase
which is a random alloy with a body-centered cubic structure. It should be noted
that the P - P' transformation cannot be suppressed by quenching (IOJ. At lower zinc
compositions the P'-phase goes into an a + P" phase. Pure P'-phase material may be
quenched from the A-phase even in the composition range where the a + ' phase is
thermodynamically preferred at room temperature.

It should be inst'ructive, then, to examine the optical properties, with their implica-
tions for band structure, as the A' := m + A' phase boundary is crossed. If samples
are obtained which have pure P'-compsition on both sides of the boundary, the
effects of the changes in the crystal potential due to the thermodynamic stresses in-
volved when the crystal is not in its lowest energy state may be studied. The intent
of this study is to provide experimental data concerning the optical properties of this
alloy system near this phase boundary, in order to stimulate continued theoretical
interest in this problem.

2. Sample Preparation

A series of samples was produced by melting high-purity copper and zinc in sealed
evacuated quartz tubes. Sample composition was determined by a microprobe ana-
lysis. The three samples were found to beCuO. 4 Zno0,6, Cu0.5 2Zn0,A, and Cuo 50Zno-. 0
The samples were cut with a string saw and polished, the final polish being with
0.3 ;m alpha alumina polishing compound. They were then annealed for 1 h at high
temperature in the P-phase, again in evacuated quartz tubes. The samples were quench-
ed to room temperature and given a final light polish to remove any oxide layer. A
final low-temperature anneal at 100 °C relieved any residual cold-work. This tem-
perature was low enough to prevent dezincification or precipitation of the ac- or y-
phase.
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Fig. 4. X-ray diffraction scans of Cu±Znl-, samples as a function of 20. where 6 is the X-ray
incident angle, is evident at 20 = 43.3' . a-phase would appear at 42.2'. a) x = 0.54, b) 0.52,
c) 0.50 showing martensite line at 44.70 , d) pure P-phase material in z = 0.50 sample after low-
temperature anneal to eliminate martensite

Crystal structures of the samples were determined by X-ray diffraction analysis.
Fig. 4 a and b show the scans of the Cu 0.5 4Zn0.4 6 and Cuo.- 2ZnO. 4 6 samples. The diffrac-
tion line at 43.3' in each is due to -phase material. If there were any a-phase material
present, it would reveal itself by producing a line at 42.2'. Thus, we may conclude
that these are pure P-phase samples. Fig. 4c shows the first scan of the CuO.50O o0
sample, showing an additional line present at 44.7' for this sample. This is due to
a martensitic phase, which is a deformation of the P-phase. This is caused by un-
relieved thermal stresses which occur in the quenching process [11]. An additional
48 h low-temperature anneal was given to relieve these stresses. This produced the
results shown in Fig. 4d, which indicate that pure P-phase material has again been
obtained.

3. Experimental Method

Wavelength-modulation spectroscopy 12, 13] was used because of the unambiguous
4lineshapes obtained by the technique and the resulting ease of interpretation of those

results. The theory of wavelengt h-modulat ion spectroscopy is well detailed elsewhere
[14, 15]. The theory of lineshapes near a three-dimensional critical point was given by
Batz [16, 17]. It is sufficient here to give the theoretical lineshai:es for the sake of

I . Fig. 5. Universal function. FII ), derived

by Batz (16. 171 forlineshapes near critical
points as seen in wavelength modulation

J- spectroscopy.F 1" - [II - I - 1 -1 -
-l- I f'- , where IV is the reduced
frequency ((o - (C)1 Pi. h,, is the interband
energy at the critical point and Yj is a

3' phenomenological broadening parameter

N N-
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Table I
Derivative of critical points with broadening included in terms of F(IF)

c., ritical 2,11 L 2,71 1 dtg

point d/ d

me MF(-IF) F(W)
M -F(W) F(- W)
M -F(- IV) -F(W)

F(W) -F(- W)

F(W) [ [(WI + 1)112 + W'1 2!(Wi + 1) /2; W - ( 0 - wg)/7.

reference. All three-dimensional critical-point lineshapes may be expressed in terms of
a single function, F(W), which is reproduced in Fig. 5. The behavior of critical points
in terms of F(W) is listed in Table 1. Derivative data with a resolution of 0.02 eV were
taken between 1.50 and 5.10 eV.

The ultimate limit of the wavelength modulation derivative spectrometer used in
this investigation is to be able to detect a derivative signal of the order of AR/R - 10-.
It is important to remember that when the experimental signal is actually of this order,
the signal-to-noise ratio is about one. This will also be seen in the integral optical func-
tions. Also, when the derivative is nearly flat, the same considerations may lead to
noise in the optical functions. We may express this analytically as saying that the error
bars will be larger when AR/R is small or when d(AR/R)/d). is small.

This is the source of the anomalous structure which will be seen at the low energy
end of these spectra. This is also the source of the noise in the high-energy regions which
make exact assignment of d-band-to-conduction band transitions impossible.

4. Experimental Results

The logarithmic derivatives of this series of samples, which are the direct experimental
results, are illustrated in Fig. 6. These are integrated to yield the reflectivities shown
in Fig. 7. In order to analyze these results, the dielectric function must first be cal-
culated.

The Kramers-Kr6nig dispersion relation must be used to find the phase shift, so that
other optical properties may be calculated from the reflectivity and the phase shift.
To perform the integrals involved, the reflectivities must be extrapolated over the
entire energy spectrum. On the infrared side, a Hagen-Rubens extrapolation (cf. [181)
is used to match the low-energy end of the experimental spectrum and a reflectivity
of 100% at zero energy. The data of Muldawer and Goldman [19] are used from 5.1
to 18 eV. At higher energies, a constant reflectivity was used. This brings us into con-
sistency with the other work [19], so results may be compared. Using this information,
the real and imaginary parts of the dielectric function, E, and E, are calculated. These
are found in Fig. 8. Their derivatives are found numerically and are displayed in Fig. 9.

There are several points to note about the reflectivity data. The position of the main
minimum in the reflectivity moves from lower to higher energy as the copper concen-
tration decreases. The minima are at 2.48, 2.64, and 2.68 eV for 50. 48, and 4610 zinc,
respectively. This is in agreement with the results of Muldawer and Goldman [19].
The depth of the reflectivity minimum increases as the zinc concentration increases.
At 5001 zinc the minimum reflectivity is 35.2%, while at 46%o zinc the minimum is
at 16.9%.

"%%
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Fig. 6. Wavelength-modulated derivative of the reflectivity of Cu2 Znl . (a) r - 0.50, (b) 0.52,
(c) 0.54

* .'',Fig. 7. Reflectivity, R, of Cu.Zn1 .._j, which is found by integrating the data of Fig. 6. (a) x = 0.50,
(b) 0.52, (c) 0.54
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Fig. 8. Real part (e,) and i maginary part (i of the dielectric function of Cu2 Zn 1 -. (a) x = 0.50,
(b) 0.52, (c) 0.54
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Fig. 9. Derivatives with respect to energy of e, el and with respect to C.,4, of CuZns-z. (a) =
= 0.50, (b) 0.52, (c) 0.54

The final note is that the reflectivity at higher energies is essentially featureless and
does not show the structure which has been reported [19]. In this matter, it is similar

- to the data which Jan and Vishnubhatla [20] obtained for CuZn. The reasons for this
A""' will be discussed in the later section on interband transitions.

5. Intraband Transitions

The intraband and interband contributions to the dielectric function have been separ-
ated using a method of deconvolution which was previously described [21, 22]. The
values of the Drude effective mass and relaxation time for each alloy composition are

r* .- given in Table 2.
The relaxation times are slightly higher than others have found by optical means

-t .for this alloy system [19, 20]. However, it should be noted that the relaxation times
calculated from resistivity data are an order of magnitude larger than those found by
optical means [19].

Table 2
'I' -Drude optical parameters

.I:.. composition effective mass to relaxation time
free-electron mass (10-158 )

(%Cu) (% Zn) ~am

. 54 46 1.89 2.64
52 48 1.17 2.13
50 50 1.20 3.69

'

' - " ' '. ". "- . *' - - . *'- ' -' - . ". ,,' -", . " s lW
' °  

"" . '" N ,,. ". " "- " . - . - - " o w , . . , . • " , ~ , ' " - ' - • • ., ,x: • o" " d ." d' " : ." .* " . ." ,r ,J' d' d' # ,# .' .
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The most striking feature of the data in Table 2 is the change in effective mass. The
values of 1.20 for 50% and 1.17 for 480 zinc are not far from the value of 1.4 reported

4- for 50% zinc [20]. The effective mass of 1.89 free-electron masses found for the 460
zinc sample represents a significant departure from the other compositions. This means
that there is a considerable flattening of the energy bands near the Fermi surface when
the P' - m + P" phase transition has been crossed (Fig. 3) at the lower zinc concen-
tration.

-IS 6. Plasma Resonance

Before making interband assignments, we need to look at the structure which dominates
the experimental spectrum, the main plasma resonance which is responsible for the
main dip in the reflectivity. The plasma resonance occurs when the real part of the
dielectric function goes through zero. In the CuZn system this happens at a point very
near to the onset of interband transition. For the 50,' zinc sample, the plasma reson-
ance is at 2.45 eV, while for the 480' and 46% zinc samples the resonance is at 2.57
and 2.59 eV. The peak in the energy loss function (Fig. 10) due to the plasma resonance

v is greatly damped because of the relatively large values of -, in the region. This is
because of the proximity of the onset of interband transitions to the plasma resonance.

7. Fermi Level-to-Conduetion Band Transitions

Once the Drude parameters have been determined, they may be used in the classical
Drude expressions for the dielectric function to subtract the intraband contribution
from the total experimentally determined dielectric function. The remaining functions
are the interband parts of the dielectric function. The real parts of this, fib, are dis-
played in Fig. 11, left part, while the imaginary parts, eb, are given in Fig. 11, right
part, for the three samples. The derivatives of these are shown in Fig. 12, left and right
part, respectively. These results are now used to analyze and assign the interband tran-

sitions in the alloy system.
, The band structure of ordered beta-brass as calculated by Amar and co-workers

[3, 4] is shown in Fig. 13. The derivatives of interband parts of the dielectric function
which have been measured may now be compared

-.. to the band calculations using the theory of Batz

-- [16, 17] for wavelength-modulation data
014: The onset of interband transitions has previ.

4" . --. ously been identified as the Fermi level to conduc-
- tion band transitions, E, - 1, and T, - T,

076- [2, 4]. The critical point of thetransition, then, is
s0' N1 M. It would be expected that there would be

40- a double structure due to thetransition Nl, -. M3

b - The above band structure shows a value of 2.0 eV

%

,#" Fig. 10. Energy Io a function of CuZn ( a) x =o..o.

(b) 0.52. ()O

Lev, -

4,4
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for the onset of transition T, T, and 2.3 eV for the transition , -, It shows that

the M5 -M, transition has an energy of 3.3 eV. Therefore, we should expect to see

a break in the derivative of the dielectric function due to the onset at about 2.0 e%'

followed by an enhancement near 2.3 eV. This would then be followed by a double-

extreme-point 
structure 

near 3.3 eV.
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. ,_v. 
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':'; 
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3.29 eV. This is in close agreement with the calculations of Amar and co-workers
[3, 4), but is somewhat higher in energy than the theory of Skriver and Christensen [8]
and the results of Muldawer and Goldman [19].

The onsets of these transitions are associated with breaks in the derivatives at lower
energies. There are breaks in the derivatives at 2.1 and 2.2 eV which could be assigned
to onsets at Ti - T, and 1, - Z1, respectively. The break at 2.5 eV could then be
assigned to the onset at T, - Tt., although this should be regarded as speculative.

'. .. In Cu0 52Zn0 ,s, the onsets of the transitions have remained at pretty much the same
"1. -energies, while the critical points have moved to higher energies. Note (in Fig. 12
[- (curve b), left and right part) that the double structure at the critical points remains,

but it has moved to higher energy, in agreement with [19]. The M5 - M, critical
point is at 3.36 eV and the Ms- - M, critical point is at 3.60 eV. This also represents
a slightly greater separation between the two conduction bands. There are again
breaks in the derivative spectra at 2.1, 2.2, and 2.6 eV, for this composition, which
have the same interpretation as the corresponding structures seen in the 50% copper
sample.

The Cuo. 4 Zno.4 6 presents a considerably different picture of the interband transitions
as measured by the derivatives of Elb and e2b (Fig. 12 (curve c), left and right part).
The Ms. - Ml critical point is at 3.01 eV and the M5 - M, critical point is at 3.29 e.

* The break at 1.9 eV is the onset of transitions to the lower conduction band and the
break at 2.4 eV is due to transitions to the upper conduction band.

W:. .- For each of the samples in this investigation, the derivative of -2b is dominated by
a large negative dip which is due to the Ms. - M1 transition. The peak due to the
M, - M, transition is a perturbation which is superimposed on the major dip. The
critical-point energies are greater for Cuo. 52 Zno.4 , than for Cuo.soZno.o, but are then
again lower for the CuO.5 4ZnO. 4 sample. This indicates that there are competing forces
whose interplay determines the transition energies.

8. d.Band Transitions

The band structure of Fig. 13 shows that the Cu d-bands lie 4 to 6 el' below the Fermi
surface. There are several points in the Brillouin zone where d-band to Fermi-surface
transitions are possible, with the energies of the onsets being approximately equal.
However, the critical-point structure of the transitions will not be seen because the
transition at the actual extremum of the optical band would be a filled state-to-filled

., state transition. For example, the band picture shows that the transition T, - T,
occurs at about 4.1 eV. The critical point of this transition is at M, - M5.. The band
is filled at M5 so the extremal point will not be seen.

When this kind of transition occurs, the critical structure is missing and only relat-
ively small breaks in the derivatives of tb are seen. In addition, it is unlikely that these
d-band-to-Fermi surface transitions will cause large structures in the NRIR derivative
data, and this is confirmed in our experimental data. This is distinctly different from
other reflectivity data [19], where a series of structures are seen extending from 3.7 eV
to higher energies. The reason for this discrepancy is not clear.

,., ~In the 48% and 50/ Zn samples, there is evidence for breaks in the derivatives, as
discussed, at about 3.7 eV. In the 46% Zn sample, the first such break occurs at 3.6 eV.
These results are slightly lower than the band structure of Amar and Johnson [3, 4]
would indicate. Skriver and Christensen [8) show that the d-bands lie 3 to 5 eV below
the Fermi surface, which would be considerably lower than our results. Thus, the d-
band-to-Fermi surface energy difference is much less affected by the crossing of the
phase boundary than are the Fermi surface-to-conducting band energy differences, in
agreement with [19].
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9. Conclusions

There are three major experimental facts arising from this investigation which need
to be brought together to provide a unified picture of the physics of this alloy system.
They are:

(i) The effective mass for intraband transitions has a sharp, large increase as we go
from the P'-field to the a + P' field, while maintaining a P'-structure.

(ii) The energy differences for the valence band-to-conduction band critical points
first rise upon going to lower composition and then drop significantly upon crossing
the phase boundary.

iii) The onset of d-band-to-valence band transitions moves to lower energy as the
Zn concentration decreases, but the effect is much less than in (2).

We note from these observations that there is a considerable flattening of the valence
bands upon crossing the phase boundary. There is also a downward shifting of both
the conduction and the Cu d-bands with respect to the valence bands, although the
shift of the conduction bands is much greater than the shift of the d-bands. The expla-
nation of these results must form the basis for future band calculations in this alloy
system.
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Optical Properties of P'-AuZn by Wavelength-Modulated
Derivative Spectroscopy')
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R. STEARNS 3 ), R. BRAt-eSTEDZ, and L. MVLDAWEX4 )

Derivative spectra of the optical properties of P'-AuZn are obtained using wavelength-modulated
spectroscopy between 1.5 and 5.1 eV. Assignments are made for the interband transition at the 31
point of the Brillouin zone vhich fix the transition energies with an accuracy previously unat-

. tained.

", Es werden Ableitungsspektren der optischen Eigenschaften von P'.AuZn mittels wellenlangen-
- modulierter Spektroskopie zwischen 1,5 und 5,1 eV erhalten. Fdr den Interbandfibergang am 31-

Punkt der Erillouin-Zone werden Zuordnungen gemacht, welche die tUbergangsenergien mit einer
bisher un rreichten Genauigkeit festlegen.

1. Introduction

P'-AuZn is nearly a perfect prototype of the ordered alloy of the CsCi structure. The
P'-phase is an ordered phase of two interlocking simple cubic sublattices, one for each
atomic constituent ; the cube corners of each sublattice form the cube centers for the
other sublattice. The principal problem in calculating the band structure of this alloy
system is similar to that in other alloys, that is, the problem of specification of the
potentials to give proper placement of the Au d-bands.

The best band structure calculation available places the Au d-bands with an accu-
racy of 0.5 eV [1]. Previous experimental studies of this alloy system [2, 3) have not
shed much light on this problem since they mainly dealt with the principal band
edge, which does not involve the lower lying d-bands.

This current study reports the wavelength-modulated spectrum of P'-AuZn for the
first time. The results which follow give specific assignment to some of the transitions
involving the Au d-bands. The spectrum of (1/R) (dR/dE) has been determined be-
tween 1.5 and 5.1 eV, and other optical properties have been calculated after a Kra-
mers-Kronig analysis of the data was performed.

The ordered P-phase of AuZn is stable over a narrow range of atomic composition,
bracketing the stoichiometric '-AusoZn0, as shown in Fig. 1. At room temperature,
the boundaries of the P'-phase are Au 45 Zn52 and Au 5 2 5sZn 475S, with the phase boundaries
widening with increasing temperature [4]. This phase has the structure of CsC1 (132)
type [5], with a lattice constant a = 0.3128 nm at 49.5 at% Zn [6]. It may also be
noted from Fig. 1 that this system has no disordered -phase at higher temperature as
is seen, for example, in the CuZn ahoy system [4].
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Zn content,' "l.
0 1o 70 5C 90

. .. Fig. 1. Phase diagram of the Aul_ Zn,
alloy system. Dashed lines indicate
boundaries which have not been firmly
established [4]
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2. Sample Preparation

The AuZn sample which was used in this investigation was prepared from 0.9998
pure Au and 0.99999 pure Zn. The AuZn mixture was sealed in a tube at a pressure
of less than 10-6 mm, Hg and shaken in the liquid state 5000 times before quenching
to room temperature. The sample was subsequently annealed at 600 'C for 24 h in

order to homogenize it, and was then again quenched to room temperature. After
cutting and polishing, it was given another anneal near 200 'C in order to remove any
cold work introduced during the finishing process. The final composition of the sample.
as determined by assay for Au content by the U'S. Mint, is P'-Au~j.9Zn 4 'i I

3. Experimental Method

Wavelength-modulated spectroscopy j7. 81 was used because of the unambiguous
lineshapes obtained by the technique and the resulting ease of interpretation of these
lineshapes. The theory of wavelength-modulation spectroscopy is well detailed else-
where± 19, 10]. The theory of the lineshapes near a three-dimensional critical point
was given by Batz [11, 12]. It is sufficient here to give the theoretical lineshapes for
the sake of reference. All three-dimensional critical-point lineshapes may be expressed
in terms of a single function, F(TW), which is reproduced in Fig. 2. The behavior of

Fig. 2. Universal function. F( IF), derived
by Batz [11, 12] for lineshapes near criti-
cal points as sene in wavelength modula-
tion spectroscopy. F) ir) = [ TV2 

- 11-1-2 .-
X [(I' th- 11 12 -4- n hhid t20 where qu is the re-
duced frequency (p- stin Ag is the inter-

"aband energy at the critical point and is a
. Et phenomenMoogiral brodenin parameter
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Table I

Derivative of critical points with broadening included in terms of F(4)
(FtW) W [(W2 - 1)1;2 W]I2/( "- 1)1:2 ir = (w -

for eitical 2?111
2  = -I 2Y11]2 i

point dw dw

34 F(- W) F( W)
M, - F(W) F(- W)
M, -F(- W) -F(W)
34 F(W) -F(- W)

critical points in terms of F(W) is listed in Table 1. Derivative data with a spacing
of 0.02 eV between data points were taken between 1.50 and 5.10 eV. The depth of
modulation, £'./)., was about 1.5 x 10 - 3 at the Hg green line and varied in a manner
that was approximately proportional to energy. Thus, the resolution of the data
should be better than the spacing of the data points.

4. Experimental Results

The logarithmic derivative of the reflectivity (Fig. 3) was determined experimentally
and integrated to yield the complete reflectivity spectrum from 1.5 to 5.1 eV (Fig. 4).
The general shape of the reflectivity curve in Fig. 4 agrees with previous results [2, 3],
but shows shifting of major structures and has additional fine structure. The minimum
at 3.2 eV and the maximum at 3.78 eV are at higher energies than in the other work.
The sharp dip in the reflectivity at about 2 eV accounts for the color of the material,
which could be described as a ruddv brass. This may be similar to the yellow-pink
described by Jan and Vishnubhatla [3] and the "pale purple" seen by Muldawer [2].

In order to determine the other optical properties of AuZn, a Krmners-Kronig
analysis of the data was undertaken. In order to perform the integration which is
involved, extrapolations of the reflectivity to the infrared and ultraviolet regions of
the spectrum were necessary. The data of Jan and Vishnubhatla [3] were used for the
region from 5.1 to 10 eV. Contributions to the integrals from even high energies are

-c -o
-72-

! .Q/ U
7

I ,: ee'gyeW) eries. 'e,,

Fig. 3 Fig. 4

Fig. 3. (1/R) (dR/dE) for '-AuZn. This is the direct experimental result of wavelength.modulated
derivative spectroscopy

Fig. 4. Reflectivity of 5"-AuZn. The reflectivity is determined by integrating the results of Fig. 3
47 physica (b) 129/2
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Fig. 5 Fig. 6
Fig. 5. Real and imaginitry parts of the dielectric function, a) e, and b) Ej (15]. These are deter-
mined by a Kramers.Kronig analysis of the reflectivity in Fig. 4

Fig. 6. Derivatives of the real and imaginary parts of the dielectric function, a) Zi and b) E2

small, due to the local nature of the integrals. A principal effect of a different choice
of far uv extzapolation is the addition of a dc level to the optical constants. Muldawer
and Goldman [13] found that for -CuZn alloys, the reflectivity actually increases
between 12 and 18 eV. Therefore, in order to provide a reasonable comparison with
other alloys of the CsCl structure, a constant reflectivity was used for energies greater
than 10 eV. In the infrared, a Hagen-Rubens extrapolation (cf. [14]) to a reflectivitv
of 100% at zero energy was used. The extrapolations were normalized to the experi-
mental data. These are small discontinuities at the points where the spectral regions
meet. This can cause localized anomalous structure at the end points of the data.
However, due to the local nature of the Kramers-Kronig integrals, this structure will
not effect the general structure of the experimental spectra.

Fig. 5 shows the real and imaginary parts of the dielectric function, e- and e. and
Fig. 6 their derivatives, el and e2, which are calculated from the results of the Kramers-

a 'Fig. 7. Determination ofthe Drude parameters of '-AuZn.
7 - \The curves represent two functions, mo) (m* effective

mass, r relaxation time), one for the real part and ore for
the imaginary part of 4'. Each function givesthe value ofm

, 12 which best deconvolutes [14, 15] the Drude and bound parts
of the dielectric function for a given value oft. The crossing

70 ,,/ of these functions (r = 2.76 x 10- 13, m/m = 1.I0) is the
.0 point where the same values of m* and r ninirnize the de.

.., correlation function of both ej and 2. This intersection is the
0 2'0 5 t physical result for the Drude parameters (14. 15]

r 2,

* -'%
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76 1
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776b

~~~a '6 U3 ZO -ZS/ 7 20 36 . 2

Ol ,Fig. 9 Fig. 9

Fig. 8. Bound parts of the dielectric function, tib and e2b [15], which result when the Drude contri-
butions are subtracted from el and e,

Fig. 9. Derivatives with respect to energy of the bound parts of the dielectric function, eib and
t2b. With reference to the band structure in Fig. 11 obtained from [I I ], the following transitions
are identified: M-_- - M6, (1.67 eV), M7 - M7-(EF) (2.06 eV), M_ - Me, (2.28 eV),
M - M7 . (3.26 eV), Us- - 517.- (3.86 eV), Me,.(d) - Sf7 - (4.4 eV), .Ms- (d) - .. (4.61 eX*)

Kronig integral. These data are then used to find the Drude parameters, the effective
mass, and relaxation time, by deconvoluting the Drude-like terms and bound terms
as described elsewhere [15, 161. Fig. 7 shows the curves generated from the deriva-
tives of the dielectric functions to separate the free- and bound-electron contributions.
Their intersection determines the values of the Drude parameters [14, 15]. The Drude
effective mass was found to be 1.10 times the free-electron mass and the relaxation
time was found to be 2.76 x 10-13 s. The value for the effective mass compares
favorably with the previous value of 1.2 [3]. The relaxation time for AuZn is not given
elsewhere; the value here is about 2 to 3 times the relaxation time for CuZn [13].
Fig. 8 and 9 are the bound-electron contributions to the dielectric function, Eti, and c21,
and their derivatives, Eib and £.b, which are obtained when the Drude parameters are
used to subtract the free-electron contributions from the dielectric function.

292-

,

e, I I I Fig. 10. Absorption coefficient, i. of a'-AuZn
1. 6 :8 ,.0 '.
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Finally, the absorption coefficient is given in Fig. 10. The general shape is the same
as previously reported [3], but the maximum is at 4.1 instead of 3.2 eV. This also
illustrates the shift in major structure noted in the discussion of the reflectivity.

5. Interband Transitions

The band structure which was previously calculated for AuZn is given in Fig. 11 [1].
Assignment of interband transitions is made using the data found from the derivatives
of the bound parts of the dielectric function. The proper lineshape for each transition
is determined by first finding the type of critical point involved in the transition from
band theory and comparing that with the lineshapes of Table 1. Finding that a
transition, determined from Fig. 9, has a lineshape as expected near the predicted
energy lends confidence to interband transition assignments.

5.1 Fermi level to higher banda

The band structure in Fig. 11 shows that the onset of interband transitions is due to
transitions from the Fermi level to higher conduction bands at the M point, that is,
the (110) direction, in the Brdlouin zone. The lowest-energy transitions are A17-
- Ma- and M- -. M6 .. The band calculation has a critical gap of 2.0 eV for M_ -

- NMI, with an onset at 1.6 eV for this transition. The 316- - 31,5- transition has a
critical point energy of 2.6 eV and an onset of 1.8 eV, according to Fig. 11. The experi-
mental data yield lower values for these energies. M_ - M6 is at 1.67 eV. This is
probably the reason why the reflectivity is rising at the low-energy end of the spectrum.
M6_ - M6 is found to be at 2.28 eV, as given by the dip in c'b at 2.4 eV and the

*.- peak in eib at 2.2 eV. Both transitions involved here are shifted to a lower energy by

121-

6. 7-
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about0.3eV. This leads to a conclusion that the M 4, conduction band should be shifted
down by about that energy with respect to the Fermi level. If this is done, that would
place the onset of the second transition below the experimental energy range.

The transitions from the Fermi level to the second higher conduction band occur in
the intermediate part of the spectrum. The band picture predicts that the transitions
M- - M , . and M6_ - M7, will be at 3.3 and 3.9 eV, respectively. The experimental
data show these to be at 3.26 and 3.86 eV. These assignments give an internal

00 . consistency to the results. By subtracting transition energies, a value for the 16-
- M7- gap may be obtained. The low and intermediate energy assignments give
0.61 and 0.60 eV, respectively, for this difference. The difference between these two
values is less than the resolution of the experimental data.

5.2 Tranaitions involving d-bands

There is one other structure in the lower-energy portion of the spectrum. This is due
to transitions from the upper Au d-band to the Fermi level. The actual critical point
from the highest lying M7 . to the.M7 - conduction band at the Fermi level cannot be
seen because the upper level is filled. However, the transition has an onset at the point
where the valence band crosses the Fermi level. By inspection of the band structure
of Fig. 11, it is apparent that this critical point is of the M (minimum) type. Fig. 12
shows, in accordance with Table 1, how the lineshapes for el and E2 behave near an 11
critical point. In this figure, w. is the critical point gap and v), is the point of the
actual onset. The dashed line shows how the transition lineshape will actually behave.
Note that the structure in e is quite small compared to the structure which would be
observed in e.6. This behavior can actually be seen in the experimental spectrum at
2.06 eV. The observation of this transition is an illustration of the strength of modula-
tion spectroscopy, since this observation would be very difficult in a standard reflectiv-
ity experiment.

The onset is observed at 2.06 eV, compared to 2.2 eV as predicted by the band
structure. Fig. 13 shows how some of the bands might be shifted to match the obser-
vations made so far (along with some other shifts which will be discussed in the re-
mainder of this discussion). The M._ point is shifted down in energy by 0.3 eV, while

"M, - remains the same. The M- - and !4- partially filled valence bands are unchanged
with respect to these two bands. The M. Au d-band is shifted upward by about

0.2 eV, in accordance with the observed structure.

Fig. 12. Lineshapes near an M1 cricital point as determined from Fig. 2 and Table 1. If the upper
band involved in the transition is partially filled, then the critical point itself will not be seen in
the experimental spectrum since it is a filled-stat, to filled-state transition. Transitions will begin
at an energy, A.-,. at which there are empty final states. The dashed lines in the figure show
the expected experimental results for such a situation

I%
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* -Fig. 13. Adjustments of the '-AuZn bands near the M point
of the Brillouin zone to fit the experimental results. The solid
lines are reproduced from Fig. II and the dashed lines are the

08- adjustments of the bands which are suggested by the experi-
mentally determined transition assignments

7.

Ep

5-
01. If the modification of the Me. conduction band is

7- correct, the transition from the second Au d-band to
this upper band would be at 4.6 eV. A major structure

6- -- is observed centered at 4.61 eV. Since it follows the
- 7- lineshape for the M0 transition which is predicted by

02 the band picture, this structure is assigned to the M-
5- (d-band) - MG-(cond.) transition.

Also, the M, modification, along with the proposed
7- shift in the M, d-band, brings the M. - M. transi-

tion to almost the same energy as the M_, X17
0 L transition discussed previously. The convolution of

these two critical points can be seen in the additional
structure at about 3.4 eV.

The last major structure in this experimental spectrum is at 5.0 eV. A possible
assignment for this structure is the d-band to conduction band transition M- - -Ng _.
However, this would require breaking the degeneracy of the intermediate Au d-bands
as suggested by Fig. 13. An exact assignment is difficult since anomalous structure due
to end-point problems may have some effect on the apparent optical functions, as
discussed previously.

The only transition which we would hope to see from the lowest Au d-band is to the
* , Fermi level. Again, the actual critical point is filled, so all that will be seen is a small

break in the spectrum at the point where the d-band to Fermi level transition has its
onset. The band structure gives an energy of 4.8 eV for the onset of this transition.
There are no breaks between the structures at 4.6 and 5.0eV. This transition is assigned
to the small structure at 4.4 eV. This necessitates raising the lower Au d-band as shown
in Fig. 13. This structure is right at the limits allowed by the noise level in the data,
so this assignment must be regarded s tentative.

6. Conclusions

The experimental results which have been described are summarized in Table 2. These
results should help in the placement of the Au d-bands in the AuZn alloy system. In
the band structure of Connolly and Johnson (1], the four Au d-bands had a total
width of 2.8 eV at the NI point, while using the results from our work, this same width
is about 2.5 eV. This should be a more accurate result, since the placement of the
d-bands in the previous calculation was ±0.5 eV. The-e results should allow a more
accurate calculation of the crystal potential for band structure calculations.

5,%
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Table 2

Summary of experimental results

transition predicted experimental
energy (eV) energy
[1] AE (eV)

M- Me. 2.0 1.67
M - M6- 2.6 2.28
M- - M-. 3.3 3.26
M6- - M7., 3.9 3.86
M7 . (upper d) - MT-(EF) 2.2 (onset) 2.06 (onset)
Me(mid. d) - M6e.(cond.) 5.0 4.61
M7 . - Me, 5.0 g5.0
M6_(lower d) - M7-(EF) 4.8 (onset) 4.4 (onset)
,e- - R 7 .- 4.6 4.6
B.. - Be+ 4.8 5.0

Drude effective maw rn*/ni = 1.10.
Drude relaxation time T = 2.76 x 10-11 s.
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Deep level derivative speCtroscopv of semiconductors by wavelength modulation techniques

R. Braunstein, S. M_ Eetpmadi, and R_ K. KIm
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Los Angel,.". Californta 90024

Abstract

An infrared wavelength modulated absorption spectrometer capable of measuring changes in the abs,.rtr,
coefficient of levels of 10

- 5 
cm

- 
in the spectral range 0.2-20 microns was employed to study buii an.

surface absorption in semiconductors. The results of the study of deep levels in seml-insuliti.g GjA-
surface layers on Si. GaAs, and HgCdTe, oxygen complexes in floatikg-zone silicon, and determination of
rtrain in Ion implanted layers are presented.

Introduction

The utilization of semiconductors In devices for the amplification, det.ction. g-ner~tion, arid signal
processing of high frequency electromagnetic radiation in very high density configurations requires an
intimate knowledge of the Impurities and structure imperfections which affect device performance. I !,as
been a scientific and technological challenge to develop nondestructive techniques to detect such
Imporfections and to develop a conceptual framework for understanding their mirrosropir electronic structure.
In fashioning high density arrays of semiconductor devices, it is essential to start with well
characterized. homogeneous substrates to obtain near-identical properties of individual circuit elements.
Aside from knowing how to select the initial "winning" substrate, subsequent devkce procesring cai, introduce
unknown Impurities or defects which can degrade device performance and consequentlv it would be des,, 31 1- t,
have a technique which is capable of following the evaluation of a semiconductor's rhararteristics from its
Initial growth through the device processing phases.

A poverful array of enetron spectroscoples t exist for detecting chemical Impurities but these requIrp an
ultra-bigh-v&cuum environment and are not readily adaptable to analytical procedures which can uitimatel-, be
used on the production line. There exists an inense variety of Junction techniques employing some form of
deep level transient spectroscopy (DLTS) to study deep level defects whose variation depends or. whit,
junction parameter is finally measured.

2 
However, apart from technical details, the end result one deslrrns

to extract from these measurements are the optical and thermal emission cross sections for electrons arn,
holes, as well as the concentration of levels. In general excited state, thresholds for tran.itbun-
between levels, and Intra-center transitions between levels are not easily determined using the shove
techniques. The presence of high electric field at the junctions adds complications to the intrrpretation
of the data. In addition, thermal processing of the text structures can introduce further defects D;re,!
optical absorption measurements yield the quantities of interest, but at the level of sensitivity of DLTS
techniques, on the order of 10 12

-10
4
/cm

3 , 
it Is not possible to employ conventional techniqs Consequenrl

consideration has been given to optical modulation spectroscopies for detecting small structures out of a
broad background.

3 
A family of derivative spectroscopy techniques has been developed where the modulation

parameter may be the electric field, stress temperature, or wavelength of the probing light beam necent l.
wavelength modulation photoresponse spectro.tcopies have evolved to measure photo-induced changes In voltage,.
capacitance,' and current* from which the absorption coefficients are inferred. An examination of wavelength
modulation photoresponse spectroscopies in contrast to direct wavelength modulation absorption/eflectior
Indicates that the latter is the most suitable technique for studying deep levels since it yields unambiguous

I I ne shapes. 7

We have developed an infrared wavelength modulated sfystem capable of measuring changes in absorption
coefficients at levels of 10

-
3 cm - ' out of a broad background in the spectral range 0.2-20 microns 8 T;n~ e

it is not necessary to make electrical contact to the sample one obviates possible contamination bs thermal
processing necessary for DLTS or photoresponse techniques. In addition, being at optical techniqu, there
are no restrictions on the resistivity of the sample. In this report we will discuss the use of this sYstem
in a mber of studies concerned with characterization of semiconductors.

Infrared wevelensth modulation system

The theory of operation of the infrared wavelength modulation system, its constructior. and

implementation has been previously reported.@m For the purposes of the present discussion we shall indlca'e
some general aspects of its operation. In one form of this system we have employed a Perkin-Elmer 301
spectrometer in a single beam sample-In and sample-out scheme shown in Fig. 1. The sample-in, sample-out
and spectrometer wave-nmber positions are preset at intervalm by stepping motors, these and the data
collecting system are controlled by an on-line microprocessor (Motorola M6800) or a CkMAC ee. P'V 11, '23
computer; a block diagram of the control system is shown in Fig. 2. The modulation of the wavelength is
accomplished by the sinusoidal sweeping the output of the light beam across the exit slit of the
monochromator by a vibrating mirror; this method of modulation i equally good for any wavelength and the
amplitude can be continuously varied up to Au/X - 10

-
2. The system emplove. two lock-in amp lifrs As
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h..wim it Fg ' aiWd 2. lock-in amplifier I meaboures tw Inte.nsitv of tt.w rhopped taditAtior at fr-.,opncs f
p • et a fixed wavelength with the sample-in and the sample-out while lock-in amplifer I, at frequency f I

measures the derivative signal also with the saaple-in and sample-out. Appropriate light sour-es fiters
and detectors are employed for a given spectral region. Nt the end of a data taking rycle the encrg\
derivative of the absorption as well as its integral are calculated by a PDP 11/23 computer and the results
plotted. The constant of Integration is supplied by the direct measurement of the Absorption in a
convenient spectral region.

Derivative absorption spectroscopy of Ga Cr

The above iifrared wavelength udulated system was employed in a detailed study of the. derivative

absorption of GaAs:Cr qFigures 3 And 4 show the integrated derivativc data of seatiinsulating Ga,\r Cr at
* 300 K with various degrees of shallow donor-acceptor compensations All the samples were semi-.ns'j1atinv

and contaitied - 101 6 /cm 3 
Cr. The samples in Fig. 3 were highly compensated while those in FIE 4 we

slightly more p- or n-type, respectively. The extensive fine structures with variation in absorptiorn
coefficient of AK - 10 - 1 to 10-2 cm- 1 

out of a relatively smooth background absorption of 1-2 cn -r t.,):d t.
noted. rreviously reported conventional optical absorption measurements revealed a few plateau-like
structures. indicatig that they had only observed the envelope of the absorption in this region 10 The
detailed extensive fine structure observed can be correlated with an energy level scheme of (Cr3-Cr2*) Ions

in GaAs qhori in Fig. S and interpreted in terms of transitions from Cr-,ons to the valence and conduction
bands and excited stares. The complexity of the spectra is due to coupling of Cr to donur or accept,r
complexes, and tie subtle changes are due to the degre. of compensation and ron-eequent position of the Fermi
level ir these f ur semi-insulating samples. A complete analysis indicates that a com;,arahle number of Cr
atom are at tetragonal and trigonal sites and can explain the rapid diffusion of Cr in GaAs. 9

Semi-insulating LEC GaAs

An extensive study was made on semai-insulating GaAs grown by the liquid encapsulated Czochralski
technique (LFC) These stuioKts were performed in the spectral region 0 3-1 5 eV and the temperature range
80-300 K. In these samples, we observed a nusaber of structures due t,. C-2. other dpef.:.s and impurities
Several fine ztru-'rr; 6ert observed which can be interpreted in teraL of intra-refiter transitionz btveerl
levels of impurt:es split h' the crystal field: the data were obtained with our derivative spectrome'rr and
the Integrated reiults are dimcussed below.

Figure 6 shows the absorption of semt-insulating LIX" GaA at 300 K. The threshold at 1 4 eV Is the
onset of the direct band-to-band transition, while the threshold at 1.0 eV is the onset of the EL2 defect
The s mall structure between, 0.3 and 0.5 eV and threshold at O.S eV should be noted. The sensgrix-.1'r of our
measurement allows us to give credence to changes in ahsorption coefficient - 10 - 3 cm - ' As the temperature
is reduced to It0 K. wt- note the emergence of structure shown In Fig. 7 on a vastly expanded scale When
the sample temperature is reduced to 80 K. the structure with a threshold at 1 0 eV at room temperature
abruptlv quenches when the aample is illuminated with band gap light; see Fig. 8. When the sample,
temperature is increased and the m,3F,jroment performed without band gap light present, the FI 2 thr-ehold
returns. The metastabilitv of this level and its possible identification as an anti-site defect of Ga'.k
have been previously discussed. 1

Figkire I shows the strutur observed n Fig 8 on a vastly expanded scale possil] by the pr eriin nf
our measurement Note should be taken of the sharp structure at 0 36 - 0.38 eV, a broad peak at 0 4 et.
structure between 0 42 - 0 5 PV. and the threshold at 0 S eV Similar structures are observed ir, 'le q,,t-
spectral region for other indopel 't GaA.. -amplei. but with changes in the relative intensities of the
various structures The structures at 0 36 - 0 38 eV and rhe threshold at 0 5 eV seem to he correlated.
indicating the are de to the sa me level. The structureF at 0.36 - 0.38 eV are very sim)lar to that vhich
is observed fur deliberatelv Fe doped in a number of semaionductors.1

2 
and so can be identified as an intra-

center transition of Fe
2
* in GaAs. (Estimatirig tt. oscillator strength for Fe, our samples contaii,

- 101l Fe/cm3 ) The threshold at 0 S eV whose intensity scales with this Intra-center transitir
corresponds to the transition from the valence band t o the Fe leveRl This is further substantii)td by the
fact that rhe position of this threshold moves with a temperature coefficient similar to, the GaAs band gap
a similar observat ion has been made from Hall meigsuremets.' 3 

The resnnant-like band around 0 4 Pe %.ith :ts
possible fine structure seem to be an intra-center transition Photo-induced-transient spectroscup
(P.I.T S ) electrica measurements made on the snew samples as the optical measuremrnt.s reveal le,I-, at 0 4

%: and 0 8 eV. the latter being due to EL2 A levei at 0 4 eV has beer, rt-purted in semi-insulating GaAs h' a
in er of measuremeits 4 which was orlginallv ascribed to oxygen in O-dopr.d GaAs4 Re cit lv a combination of
tesverat-jre-dependent Hall-effect measurements. spark-source mass spectroscopy, and secondarv ion mass
spectroscopy measurements have indicated that neither oxs'en nor any other Impurity can arroiunit f,r rhe 0 4
eV level and consequently it is probably due to a pure defect

ThermAl annealing and quenching experiments on a raitge of LEC CaA samples revealed that some of these
levels are probabv due to structure imperfections.t

5  The subtle charges in these levels could readls be
followed by our wavelength modulatin technique
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Surfac Ab., ion

Th semsitivity of our system enables us to study surface absorption. klthough the primarv aim if this
report is to demonstrate the power of infrared wavelength modulation spertroscopv as a characterizat io
technique for bulk semiconductors, we shall show some examples of mensuremants on 31kAll h lrdPe Finc(.
recently a great deal of material preparation studies have taken place to improve these maerials for light
guiing Applications. First we shall discuss an ex.mple of measurements on X(Br which reveal hot', sirface

S-" and bulk absorption. These clean alkali halides are potent ially useful insulators it. MIS structures
Subsequently we describe aome examples of surface absorption on semiconductor.

- -" "The absorption spectra of a typical O~r crystal obtained with a conventional double-beam spectrometer
*: -are shown in Fig. 10. This crystal was grown from material which was selectively Ion filtered arid react ie
-.- gas treated for purification prior to crystal growth. As can be seen, virtually no absorption structure can

be seen above the noise level of the instrument, confirming tme relative purity of the sample.

Figure Ila shows the integrated derivative spectra of the above U~r sample taken with the saim;le in the

laboratory atmosphere. The richness of the observed spectra should be noted in contrast to the frat"Ireless
spectral shown in Fig. 10 for the same sample. The right-hand ordinate in Fig. 11 indicates the absorption
coefficient at 3.8 lnm as inferred from a laser calorimeter measurement with a DF laser; the left-had
ordinate indicates the relative change of absorption obtained by integrating the wav leogth modulation
derivative data. The depth of the modulation of the mono(hromator frequency used to obtair thest , a
10 cm

- 1
. The zero of the AX cm

-1 
wavelength modulation result is registered with the absorption calibration

point of 0.4 x I0
-
4 cm

-
2 obtained by laser calorimetry. Therefore, to obtain the actual absorption

coefficient at a particular wavelength, one merely adds or subtracts the appropriate Ak valur at a given
frequency to the 0.4 - 10

-
4 cm

- 
value. Tils type of representation of the data allows us to displav the

fine structure excursions in absorption above and below the calorimetric point. Successive runs on this

sample reveal that the structure shown In Fig. 11 is reproducible within a mean deviation of a - IC
-  

,m
-
i

Consequently, the noise level is at the level of the width of the drafting lines. The data points were

taken at S cm- frequency intervals. The sample thickness was 4 ci.

When this sample is placed in a dry N atmosphere, a continuous change in the spectral dlstrriut:of c!
the absorption Is observed until the spectra stabilize after the sample has been in this gaseous ambient for

an hour. The dominant features of the spectra of this sample when in the laboratory atmosphere dispaved it,
Fig. 1la arp: A band near 2.S lm with the fine structure, multiple structure between 3 to 4 im with fint
structure, a sharp strong band at 4.2 t, a band at S m, and mutliple structures between 6 to 12 lim. The
data shown In Fig. I1b are for this same sample in a dry N atmosphere. Although there is a dist inT , hang,
in the spectra in Fig. ilb compared to Fig. 11a, some of te original prominent features can still h-
recognized. The sharp peak at 4.2 ps is greatly reduced, and the band at 5 pm is ghe, wlrh some of the

original structure between 5.8 and 12.0 ti is still present; however, a valley develops around 9 psm
Analysis of the observed spectra has allowed us for the first time to identify volume and surface impi)rit 1eP
in highly pure KBr and other alkali halides.

s

Using our infrared wavelength modulation rstem, we have been able to study the growth of nature oxides
on freshly etched silicon surfaces. We can easily detect the 9 micron SiO absorption band ir, a :0 A laser
of silicon with a signal-to-noise ratio of 100/1, indicating that we have the capabilities of st-dying the
growth of a fraction of a monolayer of adsorbed species. An example of this band is shown in Fy 2

Im ediately after the silicon surface was etched with HF. Studies of oxides on GaAs and NgCdTe ha\ e'a-
us to study the formation of OH in oxides on GaAs as well as the presence of TeO 2 on HgCdT, de '.' .- ii,,
surface treatments.

Determination of strain In layered semiconductors

In the growth of semiconductor layers by various epitaxiAl techniques such as M.B.E., L P E . and
C.V.D.. and the doping of layers by Ion Implantation and other techniques, an important technological
problem is the assessment of the homogeneity of doping. alloy composition, and strain in the lavers We
have used our wavelength techniques to determine shifts in various critical points as a fuiictcr. of dp ,

and strain In several semiconductors.

One of the major fabrication processes used in the fabrlrate of n-tpe channel FET'4t on semiirndidc' irng
GaAs is the uti.lzatlon of Ion implantation. The assessment of defects subsequent to Implantation and
annealing is of prime importance, especiallv so for shallow implanted lavers - 1000 &. We have observel the
effects of Ion implantation by the nondestructive methods of wavelength modulation. Local strain -as
observed by measuring the shift of the ImaginarY part of the dielectric function of GAks in the ne.ghborhood
of the E1 and El*A critical point. Implants of Be, Sb. S, In. and double implanted Sb and Be were studied

the Implanting fluxes were of the order of 101
3
/cm

2 , 
compared to Ion unimplanted GaAs, positive and

negative shifts of the energy of the critical point were observed. Indicing that we are able to

* '., distinguish contraction or expansion of the lattice.

In addition, we found that the Intensity of 12 the imaginarv part of the dielectrir funit ion at the [10A

.r critical point decreased as a function of n-tvpe doping These results can be interpreted in terms of

screening of the hyperbolic exciton associated with this critical point
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Difference waivelength modulatiton _spectroscopv of oxvren in f inating-gone -silicon

The use of infrared spertroaropy to identifi' relative aImounts of oxygen, in silicon Is routine."',
Usually the concentration of dissolved oxygen is deduced from the infrared absorption at about 9 pm t1100
Co-1 The relationship between th(* intensity of this band and the dissolved oxveer has been demonstrated
reliatki, in experiments by comparing the absorption in Samples containing the oxygen isotopes 016 ard
018.17-iS

It hap been shown that this band is Associated wilh interztitial oxygen and is duc to at. infrared-A-t iv,
*antisyuoetrIc type of vibration of the Si 0 "molecule "19 This model has been questioned and it has been

sliggested20 that the oxygen in silicri iq in a Lojund State, forming finec second-phase SIO particles ao
the absorption at 9 wm is due to this oxygen. Attempts have been made to explain the chanies of optical and
electrical properties of Silicon after various heat treatments by the phase transitionis of thet- Second-
phase particles of SiO 2'2 Other workers showed that absorption spectra of silicon samples around 9 Vom with
relatively low oxygen concentration have a complex structure. Thev observed a peal, at 1128 co-,. and
another pe-kk at 1105 cm-1, and they attributed these peaks to dissolved oxygen in thr lattice and in th-.
second-phase SiO 2 particles, respectively. They sugested that other electrically, inactive states of oxygen
I n silicon might exist, sled there might be A threqshold oxygen concentration which Is necesqarv for any
significant formation of SxO* complexes to occur.

4

Pearl% all previoust optical Rtxxtle ' cf oxygen in silicon were performed on silicon samples grown b%- th-
Czochralslti Method, which presumably have oxygen. contents in the ranige of 1017-10iS atoms/cm3 . Practicallv
fie Information is available on the state of oxygen in float-zone grown Silicon. The reason for this, we
believe, is that float-zone grown silicon has low oxygen content (4 t116 atoms/call, and the d-tectinT. .im,,t
-)f conventional differential absorption methods is - 1 -1016 atomS/cM

3
. Oxygen concentration in the ranige

of- 1016 atnms/r- contributes - 0.5 cmI to the absorption coefficient at abouit 9 tin. In addition. th.-
intrins~ic lattice band of silicon contributes - 0 8 rm-1 to the absorption crieffi,-1prit at sb~lut 9 vsa. This
fact clearly indicates the difficulty of the study of the samples with low oxygen content.

Put wt brlievi- that the mechaniism of oxygen complex formation and thermal donors can bie understood
better if we '-at uniderstand how the oxygen complex formation Is Initiated for low oxygen cunte,.t in tthis
spirit. we i,-tiat'dM the studyv of oxi'gen in silicon with low oxygen content (j 1015 Atoms/CM31 using an
infrared difference wavelength modulation technique. Several float-zone grown silicon samples were studie.
All with oxvgeui content below the detection limit of convert ional methods - I - 016 atoms.'cm Measurements

*were made on different sections of the same ingot, that is. the seed-end and the tail-end of the dimensi.~rs
- 2 cm in diameter and I co in thickniess.

Our infrared w-iveletigth modulation techniqu:'2 was emploved to studv the 9 Vm absorptioi. band of these
samples at room temperature. To eliminate the absorption due to the intrinsic lattice i'abr.,.;r- -f i
.od suirf-ice effects, we used a vample-in and sample-out proceduire, which enables a comparison of the

* der ivat ive of the absorpt ion of a sample with a reference sample. With this procedure. th. I'ri'~at~v-
Ispectria ,f the Ii ff-rev- of the absnrpt ion between a saemple And the reference crN-stal is obtained A,

*conventional spectrophotome'er run of the reference crvstal, which is a seed-end of another float-zone
silicon. showed jusqt a trace of oxygen at q JIM; that IS. at 9 we the oxygen contributes; apt-' vat 1,
a I to tow ibsnrption coefficient. From ..his we can approximate the oxygen content of reference crNv!Au

be - 1011 atoms/cm3. The detector used in this study was PbSnTe at liquid nitrogen temperitijr.

The integrated results of thiese derivative spectra of the differre for a series of samples are so,
in) Figs 13. 14. 15. and 16. The figures show the relative variation3; of absorption of samples with re;~-
to the referenre crys.tal. Therefore, the po'Sit ivi ,;idr of the Absorpt ion of the sample in thie figuries Means
more absorption and negative side of the absorption means lesis absorption than the reference crystal at the
appropriate wavenumbers. In all the figures. the upper drawing is the experimental cult of ther seed-end

* and the lower one is the result of the tail-end of the same Ingot with respect to the reference crvstal Vitt,
* -1015 oxygen ^tow/c&3

.

* In this study, it should be noted that since we are taking the derivative of the difference of
absorption at appropriate frequencies between sample and the reference crystal, the shift or the differert
width of the bands of the crystals represent changes relative to the reference rystal. Con!equent lv. it is
interesting to note that because of the sensitivity of the difference derivativde technique (&k - 10-5 cm'1
the subtle spectra changes introduced by variouSF heat tre'tet c an he studied by comparing it withth
reference even though the change of spectral distriburtion caused b, heat treatmen onl the sample b s.K
is difficult to determine'

In Fig 13. we note that a band emerges ot 1123 co-' (8 'q tie in the tail-end (lower figure, It is n,
clear exactly, what complex is responsible for this bard We ray- lc l~ I see a shoulder at 1108 cmI 'i oe
in the tail-end ilower figure) which appears to be S, Ther results on two different ingots are S.%
Figs. 14 and 15 and we can see about the same level 2 absorpt ion due to Si.,O at 1108 cami in both parts of
the same ingot However, we can immediately note that the Spectral distribtiton changes even within the

saeIngot depending on which part of the Ingot the samplep is taker from This is not urtreasonati'-!16
consder th~e fact that the crystals are float-zone samples and the sensitivit, of our system.
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As shown In all of the figures, at low oxygen content the infrared absorption mechanism in the 9 lsm

region is complicated. This indicates the existence of oxygen In different energy states. This is
understandable if we keep In mind the fact that, although oxygen is interstitial in the sense that it does
not occupy a lattice site, It can occupy slightly different positions of varying energy.

2 3 
During growth,

oxygen atos are randomly trapped in the silicon lattice, and at room temperature thermal agitation permits
the oxygen atom to occupy a number of slightly different configurations of varying energy.

In Fig. 16 the absorption Is stronger than the previous samples; it appears that If the oxygen content
exceeds a certain value - 1016 atoms/cm

3
, the absorption mechanism at 1108 cm

-1 
dominates. This band at

1108 cm
- 

we attribute to the form of freely dissolved Si20 "quasimolecule." In the above figure we can

also note a band at 1048 cm
-
1 (9.5 .I) in both seed and tail-ends; this band might be related to still

another complex which can be formed if the oxygen content reaches a certain value (- 1016 atoms/cm
3
).

In concluding, we sularize our results:

- .- ) Even though the use of float-zone silicon as an oxygen free reference is a common practice, our

results show the float-zone silicon also contains oxygen.

2) The state of oxygen in silicon is In the form of complexes.

3) If the oxygen concentration exceeds a certain value, the oxygen in S1 20 "quasimolecule" starts

dominating the infrared absorption mechanism at about 9 'm.

4) Different parts of the same Ingot of float-zone grown silicon have different oxygen content which Is

responsible for infrared absorption around 9 pa.

5) Our wavelength modulation system can detect the variation in the absorption coefficient of
- 06 cm

1
. If we approximate the scattering cross section of oxygen responsible for absorption at 9 wm to

be - i0
- ss 

cm
2
, we have the capability of detecting oxygen at levels of - 1012 atoms/cm

3
!

Suary

In this paper we have shown that infrared wavelength modulation is a sensitive and versatile
spectroscopic characterization technique for a variety of semiconductor technology problems. In particular

• -the results of a study of deep levels in semi-insulating GaAs, surface layers in S1, GaAs, and HgCdTe,

oxygen complexes in floating-zone Si, as well as the determination of strain in ion implanted layers were

prescnted.

Acknowledgments

The support of this work by the Air Force Office of Scientific Research under AFOSR-83-0169B, the Army

Research Office-Durham under DAAG29-81-K-0I64, and the State of California - MICRO program is gratefully
acknowledged.

References

1. Czanderna, A. W., editor, Methods of Surface Analysis. Vol. 1, Elsevier Scientific Publishing Co.,

Ainterdam-Oxford-New York, 1975.

2. Lang, D. V., in Thermally Stimulated Relaxation In Solids, edited by P. Bruunlick, Springer-Verlag,

Berlin-Heidelberg,New York, 1979.
3. Willardson, R. K., and Beer, A. C., editors, Semiconductors and Semimetals. Vol. 9, Academic Press,

New York, 1977.
4. Lagomki. J., Waluklevicz, W., Slusarczuk, M. N. G., and Gatos, H. C., J. Appl. Phys. 50, 5059

(1979).
S. Kamienlecki, E., Lagowski, J., and Gatos, H. C., J. Appl. Phys. 1, 1863 (1980).

6. T. Nishino and Y. Hamakawa, Phys. Stat. Sol. (b) 50, 345 (1972).
7. Eetemadl, S. M., and Braunstein, R., to be published.

8. Kim, R. K., and Braunstein, R., Appl. Opt. 23, 1166 (1984).
9. Braunstein, R., Kim, R. K., Matthews, D., and Braunstein, I., Physics 117B and iBB (1983).
10. Clerjaud, B., Hennel, A. M., and Martinez, G., Solid State Come. 33, 983 (1980).

11. Martin, G., Appl. Phvs. Lett. 39, 747 (1981).
12. Barnowmki, J. M., Allen, J. W., and Pearson, G. L., Phys. Rev. Lj0, 627 (1967).
13. R. W. Haisty, Appl. Phys. Lett. 7, 208 (1965).

14. Look, D. C., Chaudhuri, S., and Sizelove, J. R., Appl. Phys. Lett. 12, (a) (1983).
IS. -etemadl, S. M., and Braunstein, R., to be published.
16. Patel, 3. R., in Semiconductor Silicon, edited by H. R. Huff, R. J. Kriegler, and Y. Takeishi,

Electrochemical Society, Princeton, 1991, p. 189.
17. Kaiser, W., Phys. Rev. 105, 1751 (1957).
18. Kaiser, W., Frisch, H. L., and Reiss, H., Phys. Rev. 212, iS46 (1959).
19. Kaler, W., Keck, P. H., and Lange, C. F., Phys. Rev. 101, 1264 (19S6).

20. Malyshev, V. A., Soy. Phys. Sealcond. 8, 92 (1974).

SPIE Vol 524 Spec-rocopoc Chara-rcerizton Tchnwqi.es for S,-,tnducor Tochnology 11 (7 985) / 5

• -.4 . .. . , : 1i - ., ~ - - .1ii .' ..i " i? ii.i i ,. L I..' .,. '',,-- ,., -,' .,i '.-,,,,: ,,.,i .,



21. Ryzhitova, E. M., Trapeznikova, I. I., Chelnokov, V. E., and Yakovenko, A. A., Sov. Phys. Semicond.

11, 628 (1977).
22. Braunstein, R., Ki, R. K., and Braunstein, H., Laser Induced DamLage in Optical Materials: 1979,

Boulder, CO, USA. 30-31 Oct. 1979 (Washington D. C., U.S.A.: NEBS 1980), pp. 99-117.

23. Hroxtowski, H. J., and Kaiser, R. K., Phys. Rev. 107, 966 (1957).

aw4 w - u Cherwiu uzr Techrnues for SwnoroduCOf Trchnoiogi 1985)



Figure 1. Bl~~~ock -i diga of efrae Lock egt mouae inystem.f

LineartranOscorllatng

Soebl nt wihome Moiohrmto
LiteCh pp imt ste pp ih ouin m eotor

Stepping motor drver

Mlicrple r _jR2l

Figure . Block diagram of thontrrl wayetemgt mordated cycle.

Lie rtrnltr rtn

tepo in62 mo~trosoi shr teppzaing mtor)L*frSmcnutr ehooy1(951 5

M t

B~ ~~~~~ ADC . U. B **R260 B S -



UAVIN~i 1. WAVEUMJl A"

2.2 SAW &CN ?).a 6.000 SAM 440 sow 4 71.0 8.0 9000

2.0 I0 I

Ii. I O

tI I.

14 1.2

1.2 VA

0. 06-

0.3ni 04

24 22

2 .2 b) 
2 0

l20 1. b

A I .S

is - Is

I 14 " 12

1.2 - 10

10 -08

S.0.8 06

0.6D 0 4

0.0 01 0. 0. IQ II o 07 a 0a t T I I

INERGY. *V EN IGY *V

Figure 3. a) and b) Set-insulating GaOs:Cr. Figure 4. a) p-type, b) n-type GaAs:Cr.

SSI- GoAs -(LEC)
r~ %Saimple: M039T

T-300K

%w

St..

c2 .

~2
0.5 1.0 1.5

ENERGY (eV)

Figure 6. Wavelength modulation absorption spectra

Figure 5. Energy levels of (Cr3+-Cr2
+ ) Ions of LEC-GiAs at 300 K.

In GaAm:Cr.

M / S E Vol 524 SpwtTosropc Cw.etiasn on Techniques for Smiconductor Technology #098 )

%U
-

.



".-%L".WAVELENGTH.,,ma4- S-,"I04 S o-As (LEC) 2.5 3 4 5 6 7 i 9~ 10 112 15 20 40

_ Sampe: M039T 0.0 -
'a T :160K SAMPLE Ki

-- c0.2

004
0.6
1.0

0.0
w !BACKGROUND
U

i 0.6
C 1.0.
0.4

0.3 0.4 0.5 4000 3500 3000 2SOO 2000 low 1200 a0 400 200

EIRGY (eV) FREOUENCY. CM-
1

Figure 7. Wavelength modulation absorption spectra
uf LE-Cnks at 160 X. Figure 10. Absorption spectrum of a typical U:r

sample obtained by a ronvelitinn l
double-beam instrument.

4- SI- GaAs (LEC)
- Somp ie: M039T

" T 8OK

3-WAVELENiGTH, pm 2 1

K" 12

22

(LASER ChLORIMETRYI

-4

0.5 ENRG.0V 1.5 _2
: " " "E N E R G Y ( t V ) 4

Figure B. Wavelength modulation absorption spectra 6

of LEC-GaAs at 80 K with EL2 photo-
quenched. (b)

0.4 SI-GoAs(LEC) .

Sample: M039T e
- T;0K - -'2 -OO aNRMAUZED TO

3) 
-. K'a0104CM''T 31%,m -6

(LASRVEUBER. CM R

0.1-
Figure 11. Wavelength modulation ahRorprini swectra

of KBr; U is thp change in the absorp-
*. tion coefficient in cm-1; (a) in the

nbratory atmophere; (b) in a dry N
0.3 0.4 0.5 atmosphere.

ENERGY (tVI

Figure 9. avelength modulation absorption spectra
of LEC-GaAs at 80 K on a vastly expanded
scale compared to Fig. 8.

SPIE Vol 524 Spectroscopic Characterization Techniques for Semiconductor Technology 11 (1985) / 59



FREQUENCY. CM "1

791602S vs ref

0

22 0

W 4 0 £ ' '-

0-
:4, - ' / =-

% -1 101 OXI|DE 1
J - LAVER ONS. 791602T vs et

-2o2-J'' '

S-3

-4

1240 1150 1120 1060 1000 -2

4.. FREQUENCY. CM1

Flgre 12. Wavelength modulation absorption spectra 1000 1100 1200
of a 10 A oxide layer of S1. v, cm"I

Figure 13.

0791502 vs. ref

" 6-

79ifi0lS vs. mi 791501S vs. ref 4
2 -2 4

-a-

. C L 9 1 5 0 2 T v s . m fIS
m,;.tr I=' 6-i

9 10,, : , . , ,e f T - 2 7 9 1 5 0 1 T v s . e f Ci

"V- -

FtlMmI e vs .refur 2- iur G

Z 2-

00- 

-

-2-2

2 0-.

A -2

1000 1 100 1200 %00 1100 1200 1000 1100 1200

8"~~~v CMP m .cm'

Figure 14. Figure is. Figure 16.

Figures 13, 14, 15, 16. The relative optical absorption of the seed (top curve) and tall-end (bottom curve)
of 791602, 791601, 791501, and 791S02, respectively, float-zone Si Ingots with respect to a Si
reference containing - 1.013 oxygen atou.Icm3 .

W. ~ SPIE Val 524 Sogae.#opw Cha ctvaftin Tschruques for Somrconductorlrechfodgy #II ?95)

'V%

Uj



Reexamination of the wavelength modulation photoresponse
spectroscopies

S. M. Eetemnadi and R. Braunstein
Department of Physx&. Unwersty of California. Los Angele&. California 90024

(Received 15 April 1985; accepted for publication 29 July 1985)

Reexamination of the wavelength modulation photoresponse spectroscopies showed that the line
shapes obtained by these methods are subject to distortions from several sources of spurious
interference spectra. A comparison is made between the wavelength modulation absorption/

" reflection and the wavelength modulation photoresponse spectroscopies; it is concluded that the
former are the most suitable modulation techniques for studies requiring unambiguous line
shapes.

I. INTRODUCTION constant A depends on the thermal generation and recom-

Optical modulation spectroscopy has been extensively bination of the traps, and a is the photoionization cross sec-

used in the past to study the optical absorption and reflection tion.

of materials. -3 Being a derivative technique in nature, it is Wavelength modulation reflection and transmission

far more sensitive than conventional spectroscopic methods spectroscopies have a serious experimental difficulty be-

for detecting small structures out of a broad background. cause the spectra contain substantial spurious structures

Various modulation parameters such as applied electric originating from the derivative of the background spectra

field, stress, temperature, and wavelength of the probing which must be properly removed in order to obtain the true
light beam have been combined with absorption and reflec- spectra of the sample itself. The structures in the back-

tion spectroscopy to form a whole family of derivative spec- ground spectrum are due to the spectral dependence of the

troscopy techniques. More recently, other derivative tech- light source intensity, various optical components of the ex-

niques combining the wavelength modulation and the perimental system, and the atmospheric absorption, espe-

photoresponse (photoinduced changes in voltage,4 capaci- cially in the infrared region of the spectra. These structures
tance,' and current6 ) spectroscopies have been introduced as have been successfully removed by various ingenious meth-
a new approach to the study of absorption in semiconduc- ods of background derivative subtractions, including dou-

tors, ble-beam single detector" and single beam sample-in sample-

In this paper we present a reexamination of the wave- out techniques.' However, the question of the effect of the

length modulation photoresponse spectroscopies in general. background spectra on the derivative photoresponse results

Some of the limitations of these techniques, as well as the has not been addressed in the previous theoretical and ex-
necessary precautions in interpreting the experimental re- perimental works on this subject.

sults, are discussed. A comparison is made between wave- To investigate the possible effects of the background

length modulation absorption/reflection and wavelength spectra, a preliminary derivative surface photovoltage

modulation photoresponse spectroscopies. (DSPV) experiment was conducted on a silicon sample pre-

For wavelength modulation photoresponse measure- pared in the form of a semitransparent MOS structure, and

ments, samples are prepared in the form ofap-n junction," a the result was compared with the derivative of the incident
metal-insulator semiconductor (MIS),4 or a Schottky bar- photon flux spectrum. Similanties between changes in the

rier5 with semitransparent electrodes. The changes in the structures observed in both spectra were taken as an indica-

photoresponse induced in the space-charge region, by wave- tion of possible superposition of the derivative of the back-

length modulation of the incident light beam, are measured ground spectra on the DSPV spectra, and prompted us to re-

using a phase-locked amplifier synchronous with the wave- examine the theory of the wavelength modulation surface

" " length modulator. The derivative photoresponse spectrum photovoltage spectroscopy.

thus obtained has been interpreted as being proportional to The result of our investigation showed thai the propor-
the derivative of the absorption coefficient, and thus to the tionality relationship [Eq. (1)1 between the DSPV and the

derivative of the photoionization cross section." In particu- derivative of the absorption coefficient is not valid in general.

"lar, for the transitions involving photoionization of the deep The DSPV spectra are rather a superposition of severaliarms whic incude trhetin derivating ofotoioniactinroundhedee
levels, the derivative surface photovoltage IDSPV) is given terms, which includes thederivativeofthe background spec-
by5  tra, as well as the optical properties of the materials whichydV, n, do are used to construct the MOS structure: these additional

d = , 0 A(1) terms are the various sources of distortions depending on theV A No - NA dA spectral region under investigation. The following discus-

where V, is the surface photovoltage, 1, is the incident pho- sion is focused primarily on the wavelength modulation sur-
ton flux, n, is the concentration of the occupied traps being face photovoltage. The analysis, however, applies equally to
probed, and N o - N., is the net doping concentration. The other modulation photoresponse spectroscopies, as well
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II. EXPERIMENTAL RESULTS

The derivative surface photovoltage measurements MOS
were performed on n-type silicon (100) substrates utilizing T 83K
MOS structures. The experimental system used is described z

elsewhere." The MOS structures were made by evaporating a
400 A semitransparent gold electrode on an oxide layer
(1000 A thick) grown on silicon by a standard dry oxidation -
technique."  >

Typical sub-band-gap derivative surface photovoltage
spectra (dV/dE) obtained at 83 K are shown in Figs. l(a)
and 2(a). To obtain a good signal-to-noise ratio it was neces- - _ _

sary to keep the modulation amplitude and the spectral slit 06 07 08 09

width of the monochromator fairly large (A A IA- 10-
when using a Golay detector). The derivatives of the incident b
photon spectra of a tungsten iodide source for the same in-
strument and spectral region with comparable amplitude of
modulation were obtained using a PbS detector. These are
shown for comparison in Figs. 1(b) and 2(b). With the sensi-
tivity of the PbS detector a much better resolution (A A /
A - 2x 10-) is also possible, as shown in Fig. 3.

The dominant structure in Fig. l(a) is due to the inter-
band transition near the indirect band gap of silicon with the
emission and absorption of phonons. It is similar to other I

reported DSPV results. " The smaller structures, below 1.15 06 07 08 09

eV, may in principle be associated with the multiphonon ENERGY (eV)
absorption. However, they can also be considered to be a FIG. 2. ial The derivative surface photovoltage spectra of silcon i T = 83
manifestation of similar structures in the derivative of the K); (bi the denvauve of the background spectra in the spectral range of 0 6-
background spectra do/dE, shown in Fig. 1 (b). Comparison 1.0eV; amplitude of modulation 14A /A I= 10-2.

of Figs. 2(a) and 2(b) also suggests a strong correlation

between the structures in the DSPV and the derivative of the
background spectra near 0.65 and 0.9 eV. In fact, signatures

Si, n-type (a) of the derivative of the background spectra are quite com-
MOS monly observed in the wavelength modulated spectra of the

I 7=83K reflected and transmitted light beam, as predicted by the
Dtheory of the corresponding wavelength modulation spec-

troscopy. These can be corrected for by subtraction of the
experimentally determined background." In contrast, the

*theory of the DSPV, as formulated in Eq. (1), is not consis-

10 II 2 13

I (b)

I I

1.0 .. 12 13 0.6 0.7 0.8 0 9

ENERGY (eV) ENERGY (eV)
FIG. I. (a) The derivative surface photovoltage spectra of silicon (T 83 FIG. 3. Derivative of the background spectra in the spectral range of 0 76-.
K); (b)thederivationofthebackgroundspectra in thespectral rangeof 1.0- 1.0 eV using a tungsten source; amplitude of modulation (AA /A
1.35 eV; amplitude of modulation (A/A ) = 10-2. = 2x 10-.
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tent with the above observation. In the next section we pres- dV, dda -
ent our analysis of the theory of the DSPV spectroscopy, dA d, di
which shows that the DSPV spectra can contain signatures
of he derivative of the background spectra, as well as other + /o(A F(A (a(A dTA
possible sources of distortions in the various regions of spec- dA
tra. + 12.( )T(A( F(A dFiA) 61

dA
It must be added that, in order to incorporate the response of
the system to a time varying incident light intensity, the

Ill. DERIVATIVE OF SURFACE PHOTOVOLTAGE (DSPV) above equation must be multiplied by a frequency response
The theory of surface photovoltage has been treated by a function G (w).' 2 However, since this factor is to first-order

number of authors." For the purpose of this study, the independence of the wavelength, it is treated here as a con-
changes in the surface potential of a semiconductor, V, in- stant of proportionality.
duced by the light of intensity I, and wavelength A may be In contrast to Eq. (1), Eq. (6) shows that the DSPV signal
written, for small signals (surface photovoltage < surface is not, in general, proportional to da/dA, and therefore its
potentiali, in the form" various terms introduce different degrees of distortion which

V, = I(A (GA)A (k, (2) depend on the relative size of their spectral changes in thespectral region of interest. The most notorious source of the
where distortion is the spectral changes of Iot2 ), the background.

F = F 1Lo,a, TE/f;ro ,n 6b ; The distortion introduced by I, is present in all four terms of
SEeEq. (6), but its effect is most dramatic in the second term.

E~ E,n,, , ~ph ,e,,,epS). which contains dlldA. This term affects the DSPV spectra

F is a complicated function of diffusion length Lo, ab- in the near infrared region of spectra which corresponds to
sorption coefficient a, temperature T, Fermi energy Ef, bulk the sub-band-gap transitions in some semiconductors (e.g.,
carrier lifetime for electrons, holes, and concentrations rb,  Si, GaAs), as well as in the ultraviolet region of the spectra
n,, p,, respectively, deep levels energy E,, concentration n,, where the interband transitions occur.
photoionization cross sections a'h, and o h for electrons
and holes, respectively, and their thermal emission rates e.
and eI in the semiconductor, as well as the effective surface
recombination velocity S. The exact functional dependence IV. DISCUSSION: COMPARISON OF WAVELENGTH

of F on these parameters is not needed for our discussion; MODERATION PHOTORESPONSE AND WAVELENGTH
however, it is rather important to note its implicit wave- MODULATION ABSORPTION/REFLECTION
length dependence through a(A ) ouph (A), and a "h (A ). I (A (is SPECTROSCOPIES
the actual photon flux entering the space-charge region of The structure in the spectra of the transmittance T(A
the semiconductor. Quite often in the past, 10(A ), which is the and its derivative dT/d are caused by the spectral changes
incident photon flux illuminating the MOS structure, has of the optical constants in the metal and the insulating lay-
been used instead of I(A ); thus, ignoring the spectral depen- ers, and the reflection coefficient of the semiconductor, as
dence of the transmittance through the metal and the insu- well as the interference patterns generated because of the
lating layers of the structure, I (A ) and 1lA ) are related by interfaces. In the present MOS structure the optical proper-

IA ) = 4o(A T(A ). (3) ties of Au, SiO2, and Si have to be considered. These factors
are separately discussed below:

In essence, the wavelength dependence of T(A ) is due to the (a) The spectral changes of the reflectivity of gold R (A,
spectral dependence of the absorption coefficient of the light as well as its logarithmic derivative dR IdA occur in the 2.0-
in the metal and insulator layers, the reflection coefficients at 5.0 eV region of the spectra and are primarily due to the d
the interfaces, and the interference pattern due to the inter- band in Fermi-level transitions. " Structure in the spectrum
nal multiple reflections from the interfaces. of the derivative of its transmission coefficient in the 2.-3.5

Combining Eqs. (2) and (3) we have eV region, have also been observed.

V, = I(A )T(A (a(A (F(A), (4) (b) The optical constants of the insulating layer (SiO,(

which forms the basis of our analysis of the wavelength mo- are fairly smooth in the 0.5-4.5 eV region of the spectrum,'"

dulation surface photovoltage. and therefore are not expected to influence the line shapes of

If the wavelength of the incident light beam is modulat- the interband transitions.
ed as (c( The spectral changes caused by the interference pat-

tern depend on the thickness of the layers, their index of
A = Ao + A A Cos (W1, (5) refraction, and the spectral region of interest. Optical inter-

where A A and w are the amplitude and the frequency of ference patterns have been studied for the MIS structures
modulation, respectively, then the surface photovoltage with various thicknesses of Au and SiO, layers on silicon
V,(A) becomes a periodic function of time, V, substrates.6 The signatures of such interference patterns
(A, + A A cos wt ). For small A A. the derivative of the modu- have also been observed in the surface photovoltage spec-
lated surface photovoltage is given by tra.' 7
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Idl Finally, the spectral changes in the R iA i and dR /di yields unambiguous line shapes for the optical transitions,
of the Si substrate contribute significantly to the spectra of which are therefore easier to interpret. In WMA/R, the only
T(A Iand dT dA and hence to the DSFV spectra. The refiec- source of spurious signals is the background spectrum which
tivity of Si and its logarithmic derivative obtained by the can be completely removed in a systematic way, independent

>1 wavelength modulation reflectance spectroscopy has been of the spectral responsivity of the detector. Finally. the
reported.18"19 WMA/R is a nondestructive method which can be applied

It is therefore clear that the spectra of T(A I and dT/dA directly to the bulk of the materials. In contrast, the WMPR
contain substantial structures that could significantly measurements often require fabrication of devices in the
change the line shapes of the absorption obtained from the form of MIS, p-n junction, or Schottky bamers which could
wavelength modulation surface photovoltage, as well as oth- result in the introduction of process related impurities or
er forms of wavelength modulation photoresponse spectros- defects into the samples, as well as the necessit> of applv ing
copies. corrections for the optical properties of the materials used

In contrast to the wavelength modulation absrrption/ for fabricating the structures.
reflection spectroscopy, removal of the background nterfer-
ences IoA ) and dlo/dA from the DSPV spectra is A cry diffi- V. CONCLUSIONS
cult. To date, no systematic method for its subtraction has We have shown that contrary to the previous assump-
been suggested. We suggest a technique utilizing a double- tions, the DSPV in general is not proportional to the denva-

beam system in combination with a reference optical detec- tive of the absorption coefficient. A general formulation of
tor and feedback loops to suppress the spectral changes of the DSPV was derived which revealed the various possible
1,oA I and did/dA. sources of spurious interference spectra. The effects of these

For this purpose, the light beam from the exit slit of the interferences on the line shapes of optical transitions were
monochromator in DSPV spectrometer needs to be split by a studied. A practical method for removal of the main source
beam splitter. Both beams can therefore be wavelength mod- of the distortions, i.e., the background. was suggested.
ulated at frequency w. One of the beams can be used to
illuminate the DSPV sample, while the other beam can be ACKNOWLEDGMENTS
chopped at frequency w, and then incident upon an optical
detector. The output of the detector is fed into two lock-in The support of this work b the Air Force Office of
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measure the light intensity, and the other one is tuned to s.
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an intensity modulator to keep dl/dA equal to zero. The 'J. Lagowski. W Walukiewicz. M M G Slusarczuk, and H C Gato,
Ap/Phs 50.5059 19791

intensity modulator can be placed anywhere in the light path a.. ow and H C Gatos.99 App Phs Si 183

before the beam splitter. Its modulator frequency should be (19801

the same as the wavelength modulator, and its amplitude can 'r. Nishino arid Y. Hamakawa. Phys. Status Solidt B 50. 345 ,1 Q2.
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III. RAMAN SCATTERING
MO.OT"KJIITn (10 cm' V1 e"1 ) In Raman scattering, the plasmon-pbonon mode pro-

I I4 duces a peak instead of a minimum. As in the reflectance-

aA 10minimum analysis, the peak frequency can be used to deter-
Is mine w, and the free-camer concentration.'' For HgCdTe.

the peaks have been found to occur in regions where other
20 Raman modes make the identification of the plasmon-

. - phonon mode difficult and make it insensitive to carrier con-
'3 centrations below 10,6 cm- '. Raman scattering is sensitive

.0 to a surface layer - 100 A deep. This makes Raman spec-In d 
a

4 , CW Mtroscopy potentially useful for measuring carrier concentra-
,L- J_ tions in ion-implanted materials, but it is too insensitive forac 70 so s 100 general epitaal layer screening.

PKOmDCt L or pomm on-)

IV. EDDY-CURRENT ABSORPTION
FiG 5. Calcula aie onctttratm ,, mobity from at to fnmo-
frared redavnr minmmm amplitude and fiqeny for eptax-1 layer at In eddy-current absorption, a wafer is placed between an
7 K, rth x - .2 and thickm 15 mm. rf source and a pickup coil. The power loss due to eddy cur-

rents induced in the sample is proportional to the conductiv-
econcentrations, ity times the thickness of the layer.6 Two commercial instru-Comparisons of the resistivities, carrier icnrtosiet'wrtsewthsmlrrsls aanFg so

andments were tested, with similar results. Data in Fig. 6 show
fletan sopecotraand by modelingthe fualyss f ared -in a variation between eddy-current and current-voltage resis-
flectance spectra and by Hal-effect analyses are shown in tivity values of a factor of approximately 3. In this case, the

Figs. 2, 3, and 4. The resistivity values agree within a factor t vota e a a o n onpoma ll pie caed

of 2, while the carrier concentration and mobility data show offt-vote a eri was doe oasy--ce meaved
differentoff the edge of the wafer, while the eddy-current measure-

ments were done on the remaining wafer, which could have
at 77 K, causing an increased data scatter. The use of more

* acurae tmpertur-deendnt vlue ofeffetiv nim ~ caused some of the data scatter shown.accurate temperature-dependent values of effective mass is The eddy-current technique tests a large area, requiring aexpected to bring all of the far-infrared data to within a fac- minimum sample size of - 5/8 X 5/8 in. Both vendors sup-tormu ofpl s2z of Halefc values.n Bthvndr sp
tor of 2 of Hall-effect values. ply a standard resistivity meter and a high-sensitivity meter.

A simpler and faster method for determining the reststiv- The standard range is appropriate for bulk HgCdTe wafers,
ity, carrier concentration, and mobility is to determine the while the high-sensitivity range is needed for thin epitaxial
position and amplitude of the reflectivity minimum between layers. The technique does not have enough sensitivity t

the free-carrier region and the HgTe-like vibrational mode. indicate any absorption in CdTe semi-insulating substrate

This type of analysis has been reported for GaAs' and material. The measurements are simple and take only a few

CdTe.'2 The minimum occurs at the frequency w-, the lower seconds to perform, but their accuracy for determining resis-

coupled plasmon-phonon mode. If the mobility 14 is large, tivity is only within a factor of 3.

this is given by

2W2 = (, + 2,)

- (0)2 + 4WW,(I _ E./C.) 112 (5) 10

where w, is the dominant HgTe-like longitudinal optical lat-
tice frequency {j =- (e,/f, )' 12

W,} and c. and e, are the
high-frequency and static dielectric constants, respectively. w
Parametric curves relating the carrier concentration and cc
mobility to the frequency and retfectivity amplitude at the
minimum have been calculated. An example for n-type -

HgCdTe with x = 0.2 at 77 K is shown in Fig. 5. Resistivi- a . •
ties, carrier concentrations, and mobilities estimated in this .
way are shown for room-temperature data in Figs. 2, 3, and
4. While good results are shown in the figures, the accuracy 10'
of this reflectivity-minimum analysis is lower for p-type ma- 0*1

C0terial than for n-type. Furthermore, multilayer structures,
such as those having an n-type skin on ap-type base, or layers
with mixed conduction (as occurs in an intrinsic sample), do
not exhibit a well-defined minimum. Other structures in the I0"2

10"1 10-1 1.0 10
reflectance data can also interfere with the determination of 10' B . 10
the location of the minimum, as is shown in Fig. 1. When a

distinct minu...um can be seen, the analysis is quick and rea- FIG 6 RestiGvity measured by eddy-current and current-voltage tech-
sonably accurate. niques
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206 Jones of i Noncontact ge etilcal cIrhwctetzalti 2059

, / semiconductor For this study, the same samples %ere used
for both Hall-effect measurements and electroieflectance
measurements at room temperature Full-temperature Hal-

U 01 effect data are needed for p-type samples, since the net dop-
U- •ing density is not given by single-temperature Hall-effect

data in the transition region from extrinsic to intrinsic con-
*3 0.01 ductivity.uaZ

*" Data in Fig 7 show a good one-to-one relationship
between the free-carrer concentration as determined b, the
Hall effect and the electroreflectance signal strength The

W_ ,a scatter in the data is within a factor of approximatel. ' The
a data include both n- and p-type samples, with x values

01 o.0001 - between x - 0.2 and x = 0.35 The low scatter in the data10"
4  

10
' s  

10
'
4 10,' 10

'
, 10,6

CARRIER CONCENTRATION implies that the factor C in Eq. (6) is approximately con-
n/p (ar -) BY HALL EFFECT stant over this range in x.

The technique has been used in measuring relative free-
FG. 7. E u ecuw ce igmal msirith as funcuo o(free-c.mer cmce- carrier concentrations and in deterinning electrical junction
t-- to imple_ locations in double-layer devices that have been either bevel-

etched or step-etched. Photoreflectance techniques in which
light of above-band-gap energy is used to excite carriers that

The parameter of more importance is usually carrier con- induce a surface field may allow the measurements to be
centration. In Si, where mobilities can be accurately estimat- made without contacts and at low temperatures, as well."

ed for any given doping concentration, the resistivity mea-
surement can be used to give carrier concentration values by VI. CONCLUSIONS

0 means of the relation p = Ne. In HgCdTe, the error in re- Of the techniques studied, far-infrared reflection gives the
sistivity multiplied by the uncertainty in the mobility pro- most complete and most accurate noncontact characteriza-
duces errors of over an order of magnitude in estimating tion of electrical properties. It can be used to determine resis-
carrier concentrations. This makes the technique less impor- tivity, free-carrier concentration and mobility, and to map
tant for HgCdTe than it is for Si. these values over the area of a wafer to be processed. The

agreement of the far-infrared values and Hall-effect values is
V. ELECTROREFLECTANCE within a factor of 2 for resistivity and within a factor of 3 for

-.- Electroreflectance involves immersing the sample in an carrier concentration and mobility. More accurate tempera-
electrolyte so that an ac electric field can be applied to the ture-dependent effective mass values should bring the car-

'-" surface. The ac field modulates the reflectance, giving a nor- ner concentration and mobility data to the same agreement
S. malized reflectance spectrum at a singularity in a band den- as is seen in the resistivity data. The data analysis using the

sity of state represented by" reflectivity minimum, while easier and faster than a full fit to

A = qNVCe' the data, at present does not work well forp-type or mixed-

ReT (6) conduction samples.
E. -E,, +I Interference of other effects with the plasmon-phonon

where AR. = ac reflectance; R ,, reflectance; N = doping mode in Raman spectra makes this technique too inaccurate
density; V = ac modulation voltage; E, = energy of the sin- for general use in screening material for carrier concentra
gularity; E, = incident light energy; n 5 for the E, singu- tion values.
larity; 8 = a phase factor; r = a broadening factor; and C is Commercially available eddy-current resistivity equip-
a constant including the oscillator strength of the optical ment allows for the rapid measurement of this parameter for
transition. epitaxial HgCdTe layers, with the values agreeing within a

Experimentally, the reflectance signal from a photomulti- factor of 3 with current-voltage data. The technique is not
plier is divided and sent to an ac amplifier and to a dc amplifi- sensitive enough to screen semi-insulating CdTe substrates,
er; the latter is used in a feedback loop on the photomulti- however.
plier power supply to keep R ,k constant. The ac amplifier Electroreflectance signal strength can be used to give rela-
output is then proportional to &R, R dk The ratio removes tive doping density values at room temperature that are use-
any amplitude fluctuation effects in the signal due to the ful in mapping wafer uniformity or in profiling bevel-etched

lamp or the optics. A computer is used to fit the observed or step-etched samples.

data to Eq. (6), with the signal strength (qNVC), 0, E, and
r being the fitting parameters. The signal strength is propor-
tional to the net doping density N and independent of the ACKNOWLEDGMENTS
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Wavelength modulation absorption spectroscopy of deep levels in
semi-insulating GaAs
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Infrared wavelength modulation absorption spectroscopy was used in the spectral region of 0. 3-
1.45 eV and the temperature range of 80-300 K. to study deep level impurities and defects in
undoped serm-insulating GaAs grown by the liquid encapsulated Czochralski technique. The
measurements revealed two resonant type peaks with fine structure near 0.37 and 0.40 eV, as well
as thresholds and plateaus at higher energies. The sensitivity of the measurements allows us to
give credence tochanges m the absorption coefficient at levels - 10- 3 cm- . The absorption band
at 0.37 eV is interpreted as being due to the intra-center transition between levels of accidental
iron impurity, split by the crystal field. The absorption band near 0.40 eV, can be annealed out by
heat treatment, and is considered to belong to a multilevel defect complex. Utilizing the photo-
quenching behavior of the absorption in the spectral region of 0.6-1.4 eV, it was shown that
conventional room temperature optical absorption may give erroneous results in measuring the
concentration of the EL2 levels, because of appreciable absorption due to other residual deep
levels in this spectral region, as revealed by the sensitivity of the wavelength modulation
technique.

I. INTRODUCTION among the most favored techniques of studying impurity
Deeplevels in semiconductors continue to be thesubject and defect levels at high level of concentrations."' ° These

of considerable theoretical' - and expernmental' ' research measurements are done on bulk materials, and therefore. are
as our understanding of these levels is far from complete. free from high-electric fields and process related impurity or
The presence of deep levels in semiconductors at concentra- defects. Tlie absorption coefficient along with its spectral
tions of 10 5 /cm' or even less, can significantly affect the and temperature dependence can give information about the
carrier lifetime, mobility, and the rate of radiative transi- photoionization energy, excited states, temperature depen-
tions, and thus performance of microelectronic and opto- dence of the level, electron-phonon coupling, and the sym-
electronic devices made from these matenals. The fascinat- metry of the localized wavefunction as well as their concen-
mg features of the physics of deep levels, coupled with great tration.' However, conventional optical absorption
technological interest in this field has intensified searches for techniques usually suffer from poor sensitivity at low levels
sensitive experimental techniques for their detection and of concentration of the order of 10l:-10 '6 cm' usually en-
characterization at these low levels of concentratons. countered for deep levels. Consequently, considerations

The various space charge spectroscopy techniques (such have been given to optical derivative spectroscopies which
as TSC. DLTS, and DLOS;- developed in recent years are can measure absorption coefficients at levels of 10- 3 to 10-

commonly employed electrical measurements to detect deep cm-

levels. With very good sensitivities, they can provide thermal Several modulation schemes have been developed in op-
activation energy, carrier capture cross section, and concen- tical derivative spectroscopy. Electro-modulation, piezo-
tration of deep levels (and optical cross section in some modulation, thermo-modulation, and wavelength modula-
cases). The main drawback of these techniques, however, is tion are examples of this technique, depending on whether
that measurements are carried out m space charge regions, the modulating parameter is the applied electric field, strain,

. i.e., in the presence of high-electric fields (- I0' -0 V/cm), temperature, or the wavelength of the probing light
the effect of which on the emission rate is not thoroughly beam.'"" However, these techniques have primarily been
understood.' Furthermore, these measurements require fab- used to study the intrinsic optical properties of materials.
rication ofp-n junctions, of Schottky barriers, or ohmic con- The techniques of extrinsic electro-absorption has been
tacts which could result in the introduction of process relat- used in some cases to study deep levels in semiconductors. "
ed impurities and or defects into the sample. In addition, the They have not, however, been extensively employed, since
above techniques employing essentially thermal processes they require high-resistivity material in order that sufficient-
usually do not yield excited states of levels. Photolumines- ly high-electric fields can be applied to obtain adequate mod-
cence type experiments, although very sensitive for shallow ulation. In addition, the present knowledge of the effect of
levels,'' have limited sensitivity in the case of deep levels due electric fields on the properties of deep levels is not sufficient
to appreciable phonon coupling, resulting in competition for a complete interpretation of the experimental results.
betw-en different possible radiative and nonradiative mech- Wavelength modulation absorption spectroscop., in
anisms. contrast, allows one to obtain the denrati'e spectrum bh

Extrinisic optical absorption spectroscopy has been modulating the wavelength of the probing light beam, and
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thus has a straightforward relationship to the conventional between levels of accidental iron impurity, split by the crys-
absorption measurements with improved sensitivity. ' The tal field. The absorption band near 0.40 eV, annealed out as a
difficulty an this case is the presence of spurious structures in result of heat treatment, and therefore ts considered to be.
the spectrum due to background derivative spectra, which long to a multilevel defect complex.
poses a serious problem especially in the infrared region of The spectrum between 0.6 and 1.45 eV was identified as
spectra. In the present work, the modulation of the wave- being due to a native defect commonly referred to as EL2 "

length was obtained by oscillatmg the diagonal muror before Utilizing the unusual photo-quenching behavior " of this
the exit slit of a conventional monochromator. The transmit- level we were able to re-examine the accuracy of the con en
ted intensity through the sample and its derivative, as well as tional room temperature optical absorption, common> used
the incident intensity and its derivative, are measured using a in measuring the EL2 concentration, and showed that thes,
sample i-sample out technique; an on-line computer sys- methods typically can have up to 20% error.
tan was employed for collecting data and numerically de-
correlating the spectral absorption of the sample from the
background. 6 The implementation of this system is de- II. EXPERIMENTAL TECHNIQUES

scribed in detail in Sec ..Our previously reported wavelength modulated
Undoped semi-insulating GaAs substrates, grown by spectrometer 6 has been modified (for the low temperatwe

liquid encapsulated Czochralski technique (LEC) are cur- operation) by adding to it a low temperature optical dea.
rently being used for the fabrication of high speed GaAs essential to this work. We have also improved the t.abiiit

devices. Deep levels play a crucial role in controlling the reproducibility, and control of the modulating systern, a,
carrier concentration and, hence, the resistivity of the sub- well as the signal processing. The schematic diagram of th.-
strates. Therefore much attention has been focused on detec- system is shown in Fig. 1.
tion and characterization of the deep levels in this techno- A liquid transfer refrigerator, with an optical % in I.,
logically important material, shroud and a sample holder suitable for the sample In

A detailed study of the derivative absorption of ple out technique, and a digital temperature ,dia, ,
GaAs:Cr has been reported ' In the present study, we have troller, were used for the low temperature operatin A S..

employed a modified wavelength modulation absorption sten/halogen light source, and quartz windo ,n . ..

spectrometer to study the deep levels in semi-insulating for the spectral range of 0.55-1.50 eV For the
GaAs prepared by the LEC techniques. The spectr-imeter region, a Globar light source and potassi m .,. --
was used in the spectral region of 0.3-1.45 eV and the tern- dows were used. The detector throughout the ,pC ,
perature range of 80-300 K, to study deep level impurities was a Golay cell.
and defects in undoped semi-insulating (SI) GaAs. The mea- The modulation of the wavelength %,. aNa_ ..
surements revealed two resonant type peaks with fine struc- sinusoidal oscillation of a diagonal mirr, . , K -

tures near 0.37 and 0.40 eV, as well as thresholds and pla- exit slit of the monochromator, and mrunt:es -
teaus at higher energies. The sensitivity of our measurements an optical scanner. The internal oscillator
allows us to give credence to changes in the absorption coef- fier was used to drive the scanner throu c r.
ficient at levels - 10-' cm-. The absorption band at 0.37 driver circuit. The new modulation .
eV is interpreted as being due to the intra-center transition vantages over the one previousls elm_,I -:

OUTPUT REGITEq A TO 0O C O11Er'F

TEMNLSTEPPING MOTOR DRIVER ANAL06 MUL7 PF

TEMPERATURE CONTROLLER S5TEPPING g MOTOR I STEPPING MOTORI OC-

INEAR TRANSLATO

LIGHT C.4OPPER
SOIRCE AT II AT tDWR2 -

I 'AT -

SAMPLE CHAMBER MONOC,56nn.8
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tunable(I-100 Hz), has high amplitude and frequency stabil- in the form of a CAMAC system. The data taking cycle is
ity, and allows large wavelength excursions. With the new shown in Fig. 2. The method of data analysis is similar to
system, the amplitude of modulation can be controlled from that previously employed.6 The wavelength modulation
0.2 to 150 A precision. There was no wobbling, and no cross technique yields essentially the energy derivative of the ab-
talk with other mechanically vibrating components. These sorption coefficient. To obtain the value of the absorption
features were desirable for reducing noise and drift, as well as coefficient, one numerically integrates the observed deriva-
optimizing the modulation frequency compatible with the tive spectra, and normalizes it to the absorption coefficient
detector response, and consistent with the chopper frequen- obtained by a direct loss measurement in the same apparatus
cy to avoid harmonic or subharmonic pickup. It can also be at fixed wavelengths where the absorption coefficient can be
used to conveniently and very precisely calibrate the spectral measured with good precision.
slit width, the depth of modulation, and to select these quan- The undoped semi-insulating GaAs samples used in this
tities for optimum resolution, signal-to-noise ratio, and min- work were cut from five different ingots, all grown in pyroly-
imum distortion in the derivative signal, for a given spectral tic boron nitride crucibles, by the liquid encapsulated
region. A dc offset feature of this scanner also allows one to Czochrahki technique, with B20 3 as the encapsulant. They
set the monochromator calibration electrically rather than had resistivities greater than lW 2 cm, and Hall mobilities
mechanically. Data was taken at discrete energies with a of 4570-6319 cm2/V s. They were typically 3 mm thick and
resolution set by the slit width and depth of modulation, the surfaces were polished with Br-methanol. The samples
which for this work was 0.00075-0.0015 eV. were grown by the Hughes Research Laboratory, Malibu.

An on-line computer steps the sample, in and out of the
light beam, as well as, steps the wavelength, and collects data Ill. RESULTS
from the output of lock-in amplifiers at controllable rates for Figure 3 shows the absorption spectra of an undoped
additional signal averaging. These operations are conve- semi-insulating GaAs at 300 K. The threshold near 1.4 eV is
nienty done using a LSI- 1/23 computer and its peripherals the onset of the interband transition, while the spectra

between 0.7 and 1.4 eV is the characteristic absorption of a

Start deep level due to a presumably native defect complex, com-
monly referred to as the EL2 level." The small structures
between 0.3 and 0.5 eV, and the threshold at 0.5 eV should be

wait t, sec. noted. In conventional absorption spectroscopy these small
variations would be buried in the systems noise, whereas

Cwith our technique, variations as small as 10- 3 cm-' have
Collect N data (Io) from lock-in at time significance. As the temperature is reduced to 160 K, weP intervals t2 msec. and averagje

4 note the sharpening of the thresholds, and emergence of dis-

Collect Nz data (Alo) from lock-in II at time tinct resonance type structures, shown in Fig. 4. The struc-
intervals t2 msec. and average tures below 0.52 eV are shown in Fig. 5 on a vastly expanded

I I scale made possible by the precision of our measuremeat.

Step sample in the beam Upon lowering the temperature to 80 K the structures shar-
pen further, and some finer ones appear, as seen in Fig. 6.

SWait t s. Note should be taken of the sharp structure at 0.36-0.38 eV,

Collect N, data (1) from lock-inIat time 
intervals t2 msec. and average

Collect N2 data (Al from lock-in 1 at time 4-
intervals t2 msec. and average SI-GoAs-(LEC)-- Sample: *

: Tz300KOK
Type the result: 1o, Al 0 , I, AI and I/Ico  3-

l ~Step, wavelength

LStep sample out of the beam

4Is

No last data
in 2

Yes

0.5 101

ENERGY lev)

DATA TAKING CYCLE FIG. 3. Absorpion asptra of sumple I SI GaAs JLEC), T - 300 K. spectra
FIG. 2. Block diagrm of the data uaking cycle, range: 0.3-1.5 eV.
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4 SI-GoAs (LEM 0.4- SI-GaAs(LEC)
Sample: #1 Sample: *I
T: 160( . T-80K

'a T

- 02

Mi.

U)
m/

. .. I . .. I

0.3 04 0
05 1.0 1.5 ENERGY (W)

ENERGY 11V)

FIG. 4. Abbeorinspecadmnmple 151 G&s (LEC) T- 160 K spectral FIG. 6. Absorptiom spectra of sample I S1 GaAs (LEC. T - 0 K, spectral
raane 0.3-1.5 eV. range 0.3-0.52 eV.

a broad peak at 0.4 eV with side lobes, and the threshold near quenched spectra varied from sample to sample. Its magni-
0.5 eV. Figures 7-10 show the observed structures in the tude at 1.2 eV was 10-20% of the total room temperature
same spectral region and temperature for other undoped absorption coefficient at the same energy.
GaAs samples. It should be noted that the general shape of
the resonant structure at 0.36-0.38 eV remains unchanged IV. DISCUSSION
as its intensity varies from Figs. 6-9. In contrast, the broad The above results are discussed in the following subsec-
peak at 0.4 eV changes its intensity as well as the details of its tions. In Sec. IV A the resonant spectra at 0.37 is discussed
shape. No distinct pattern was observed in the structures at and attributed to accidental iron impurities. Section IV B is
0.43-0.47 eV. Figure I I shows the spectra ofthe sample after devoted to the comparison of the spectra at 0.4 eV among the
the sample had been annealed in a N2 atmosphere at 450 C various samples, as well as its behavior under heat treatment,
for 4 h. the difference between this and Fig. 6 should be and is considered to be the signature of a multilevel defect
noted. The peak at 0.4 eV has been annealed out as a result of complex. The results ofour observation in the spectral range
heat treatment. of 0.7-1.4 eV are discussed in Sec. IV C.

When the temperature was lowered to below 140 K, and
the sample was illuminated with a 50-W tungsten halogen
lamp, the structures between 0.7 and 1.3 eV quenched (see A. Iro In undope GaAs
Fig. 12) and remained in the quenched state for several hours In the spectra below 0.55 eV, the sharp peak at 0.37 eV
even after the background illumination had been turned off. can be attributed to the presence of iron in these materials; a
The magnitude and the details of the shape of the post- similar absorption peak has been reported in GaAs sub-

0.4 SI-GaAs (LM) 0.4- SI'Gaft(LEC)
some; I _- Sample: *2T* 60K T:80K

0 TZ3 0.403

02

~0.1 -0.

0.3 Q4 0.5 ENERGY leVi
ENERGY IW)

FIG. S. Absorption spectra'ammple I Sl GaAs (LEc T- 160K spear FIG. 7. Absorption spectra osample 2 Sl GaAs (LEC); T- 80 K. spectral
r,"p: 0.3-0.32 eV. range: 0.3-0.52 eV.
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(' SI-GoAs(LEC) 0.4 SI- GaAs (LEC)
Sample: #3 Sample: #5
T:80K - T;80K

T 80a3- 9 03-
z 0

(102- 0.2

~0.1- 01

0.3 0.4 Q5 0.3 0.4 0.5
ENERGY (v) ENERGY (Iv)

FIG- S. AborTinspectra ostamle3SIGaAs(LEC); T=SOK, spectral FIG. 10. Absorption spectra ofsample 5S GaAs (LECL T= 10K, spectral
raWg 0.3-0.52 eV. range: 0.3-0.52 eV.

strates intentionally doped with iron.'0 Sharp zero-phonon absorption and Iuminescence peaks mentioned above are
photoluminesence lines near 0.37 eV has also been seen in due to the internal transitions between sEand 5 T2 multiplets.
iron doped GaAs materials.20 Similar structures in absorp- The central peak at 0.37eV in Figs. 5-9 can be attribut-
tion and photoluminescence have also been observed for iron ed to the zero-phonon transition from the lowest 3E multi-
in other III-V compounds as well. 0 0 Paramagnetic reso- plet to the lowest level of 5T2 multiplet. The structure ap-
nance experiments have shown that iron is incorporated sub- pearing as a weak shoulder on the low energy side of the line
stitutionally in the Ga sublattice, and acts as a deep accep- and about less than 2 meV away from the main peak can also
tor. ' At the Ga site, Fe loses three electrons to the bonds, be attributed to a zero-phonon transition from the second
becoming Fe' + in a 3d 'configuration, and when an electron lowest level of 5E to lowest level of sT2. This transition has
is trapped, a Fe2" in a 3d 6configuration is created. been reported as well resolved into a separate peak when the

The energy levels of Fe" in 3d ' configuration derived measurement is done at about liquid Helium temperature.'0

on the basis of the crystal field theory up to the second-order From the position of the main two zero-phonon lines, and
term in the spin-orbit correction have been reported in the Fig. 13, we obtain a value of A - 3000 cm- I for the crystal
literature.22 At a site of tetrahedral symmetry (Ti), the low- field energy, in agreement with the reported values of A in
est free ion term, 5D, of Fe2 - (3d 6), is split by the crystal field the III-V compounds.3 The other side structures are harder
into a ground state doublet 'E and -T2 excited state. to interpret, partly because it is difficult to distinguish
Allowance for the spin-orbit coupling lifts the degeneracy of between vibronic and electronic levels. As for the Jahn-Tell-
the 5T2 level and in the second-order approximation it lifts er distortion, its effect on the SE states is not pronounced but
also the degeneracy of the -E levels, as shown in Fig. 13. The it alters the splitting of 'T 2 levels.23 Such changes would be

SI-GaAs(LEC) 0.4 SI-GoAs(LEC)
- Sample: #4 - Sample: #1 Annealed

T=80K T:80K

z 00.3-

1.0-

Q4- 0.1-

0.2-

1 I *i
3 0.4 03 04 0.5

ENERGY (v) ENERGY (eV)

FIG. 9. Absorption spectra of"Sample 4 SI GaAs (LEC); T -80 K. spectral FIG. II. The post-annealed absorption spectra ofsample I SI GaAs (LEC);
range: O 3-.52 eV. T - 80 K. spectral range: 0.3-0.52 eV.
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because of accumulation of iron in the near surface region at
SI-GoAs(LEC) concentrations of lO0'71M cm-3.2 4 Therefore it is signifi-
Sample: *1 PosIium cant that we have been able to detect Fe at levels of 10"5T z8KTc80- c . It should also be noted that in the absence of absorp-

ion bands due to other residual deep levels-interfering
with the iron absorption spectra--the sensitivity of our pres-
ent measurement would allow detection ofiron at an order of

92 magnitude below the above concentration level.
The threshold near 0.5 eV whose intensity scales with

the intra-center transition at 0.37 eV can be identified with a
transition from the valence band to the lower multiplet of
Fe2 + . This is further substantiated by the fact that the posi-

tion of this threshold moves with a temperature coefficient of

0.5 f.0 (5.0± 0.5)cc l0-'eV/K, whichis similar to the temperature
ENERGY (tv) coefficient of the GaAs band gap; a similar observation has

been made from Hall measurements.' A deep acceptor level
FIG. 12. The pM-dlminm abripton speca Of mmple I Sl GAM at about 0.5 eV from the valence band, due to iron impurity
(LIQ T- 0 11[1 ,im ranw 0.3-0.52 eV. has also been reported by several investigators.2'2

One might also expect to observe thresholds at higher
energies due to the photoionization of electrons from Fe2

observable in transitions involving higher energy levels of levels to the conduction band. Figures 3 and 4 show absorp-
T2. Unfortunately, these transitions cannot be seen in our tion thresholds in the range of0.7 to 1.4 eV. However, in Sec.

data, because they have much smaller oscillator IV Cit will be shown that these thresholds bear no relation to
StrengthsM' and therefore are buried under the structures the presence of iron. They are rather attributed to another
due to other residual impurities or defects. level commonly referred to as EL2,'9 which is believed to

A detailed analysis of iron levels is not the main concern originate from a native defect sample. The absorption spec-
of this work. For that, one would have to study these levels in tra due to EL2 can be quenched out at 80 K if the sample is
substrates doped with iron at concentrations much above illuminated by band gap light (see Sec. IV C). The remaining
that of the residual impurities and defects. Our aim in this spectra shown in Fig. 12 does not contain any strong pho-
work was rather to make a broad survey of deep levels in the toionization threshold. We therefore conclude that the mag-
undoped SI GaAs substrates. To our knowledge this is the ntude of the photoionization cross section for electronic
first observation of the distinct iron signature in the bulk of transition from the Fe2 levels to the conduction band is
as-grown undoped semi-imsulating GaAs by optical absorp- very small It can be argued that since the site symmetry of
tion or emission techniques. Estimating the value of the os- iron is tetrahedral, transitions from d-orbitals to conduction
cillator strength, the lowest detected concentration of Fe2  band s-like orbitals may be strongly prohibited by the selec-
was 5XlO" cm - ' in our work. Although Fe2 * in GaAs tion rules.
does have a distinct photoluminescence signature at 0.37 eV,
to our knowledge no such emission band has been reported *. MUltlev. dfct complex
in the undoped as-grown materials. Emision lines, however,do appear after the substrates are heated to about 700 "C Another dominant absorption band common to all the

substrates we studied is the resonant spectra whose peak is
near 0.4 eV, with a peak absorption coefficient typically be-
low 0.4 cm - ', a half width of about 30 meV, and usually with
two side lobes. Being a peak rather tha- . ',reshold it can be

Fe in GaAs interpreted as being due to an electror transition between
_levels associated with the same center. 1 ie peak magnitude,
ca and the detail shape of this structure as well as its sidebands

varied from sample to sample as seen from Figs. 5-10, indi-
cating that it is not associated with a simple multilevel impu-, 20 rity. It is more likely that this structure is due to a complex

defect formed during the crystal growth or in the cooling

_' ... period following the growth, whose exact structure is sensi-
, "r- tively dependent upon the thermal history of the sample. To

___"____ Iexplore the possible origin of this level, sample I was

' ... cleaned, etched and annealed in a nitrogen atmosphere for 4
h, at a temperature of 450 *C. In contrast to the spectra of

ve sample I shown in Fig. 6, the post-annealed spectra, shown
in Fig. Ii, indicated that the spectra at 0.4 eV has been an-
nealed out. We thus conclude that (i) the structure is a defect

FIG. 13. E levec w me of the 'D kwe/ofFe'* (3d in GaAs or defect complex; (ii) this defect introduces two main levels

2222 J. Ap. Phys.. Vol. sa. No. 6. IS Spesrb 19s S. M. Esemm n wd R. eraurstsin 2222



into the gap separated by 0.4 eV; (iii) these levels may split SI-GaAs (LEO)
into more levels depending on the exact nature of the defect's Sample: #2
immediate surrounding or additional complexing. These ad- - T
difional complexes could vary from sample to sample if they
do not have identical thermal history. This would account
for variations of the fine structures of the spectra among the -
samples. To our knowledge this is the first observation of this
multilevel defect in semi-insulating GaAs by optical tech-
niques. A possibly related level has been observed by the I
photo-induced transient spectroscopy (P.I.T.S.) in these
samples2 u However, an exact correlation between the levels
observed by the wavelength modulation absorption and the
level detected by P.I.T.S must take into account the fact that 2

the latter essentially yields information on the thermal emis-
sion from the level to the band, whereas the former gives
information about the intra-center transitions.

....... .................. ........... ... ........

C.The.EL2 In 91 a* J
0 . ,. I i

The absorption spectra in the 0.6-1.4 eV shown in Figs. OLS 1,0 j.5
3 and 4 re due to a deep level known as the El which is ENERGYI eV)
associated with a native defect."8 This defect is responsible
for producing undoped semi-insulating GaAs by compen- FIG. 14. The to absorption spectra at 300 K Isolid curve) and the residual
sating the shallow impuntieLls The exact origin and mi- abowptio speara aft" pboloquemckg at 80 K (dotted curve) of smpk 2cr .copic structure of this defect is still subject to consider- Mm ILE"
able debate. Many of the investigations on this defect have
involved studies of the correlation between the distribution
pattern across the warer, of the EL2 concentration, disloca- the dotted curve is the post-quenched spectra ( at 80 K) due
tion density, resistivity, as well as their relation to the stoi- to residual absorption. As is seen from these figures, the
chimnetry of the melt, and conditons of the crystal pot-quenched spectra do not exhibit any strong threshold
growth.3 - Central to many ofd these studies is the precise associated with the photoionization of electrons from the
measurement of the EL2 concentration and its distribution. iron impurity levels. In surveying several samples of un-
Optical absorption spe-oscopy, at room temperature, has doped emi-insulating GaAs we found that in a typical am-
commonly been used for this purpose, since it provides a pie, up to 20% of the room temperature optical absorption
convenient and nondestructive way of measuring the local coefient my be due to residual deep levels other than the
coeration of the E12 with good spatial resolution." i E M."
this method the value of the absorption coeffcient at about Therefore, in cases where the EL2 concentration and
1.2 eV is taken to be a measure o( the EL2 concentration. distribution must be measured with better than 10% accura-
However, we have shown that the presence o(other residual cy 32 room temperature optical absorption is not adequate.
deep levels, even at low conentration, may give rise to ap- In such cases, the use of infrared wavelength modulation
preciable absorption spectra in the neighborhood of the EL2 absorption in conjunction with photoquenching" represent

spectra.3 Hence the apparent nmr-infrared absorption a more accurate method of measuring the EL2 concentra-
spectra cannot be aprimai attributed to the EL2 levels alone. tio

The EL2 level has been shown to exhibit unusual prop.
.ms, among them, the quenching of photoluminacence. 3 ' . * **I

o acit nce. and optical absorptn." at low m-
perature (T-4140 K). In particular, the near-infrared absorp- In summary, wavelength modulation absorption was
tion spectra due to EL2 quenche out at low temperature usd to investigate the deep levels in semi-insulating un-
after the ample is illuminated with liht o0.9hv4, 1.35eV doped GaAs grown by the liquid encapsulated technique
and remains in the quenched state for many hours, even after which is currently of high technological interest. Extensive
the background illumination has ban turned off The som- low temperature measurements permitted observation of
uvity of the wavelength modulation absorption spsctrosco- structures with fine details in the spectra of the SI GaAs at
py together with the photo-quencbing behavior of the EL2 0.37 and 0.4 eV. The structures near 0.37 eV were identified
allowed us to separate the EL2 spectra in the total absorp- a intra-center transitions between the levels of accidental
tion spectra and to observe the absorption spectra due to all iron impurities incorporated in the Ga sublattice. To our
other residual deep levels. Fique 12 shows the absorption knowledge this was the firt observation of the iron absorp-
due to all the deep levels other than the 12 in the spectral bon spectra in the semi-insulating GaAs at such low levels of
region of 0.3-1.5 eV. The spectra of another ChAs ample in concentration. The structure at 0.4 eV was considered as
the spectral region of 0.5-1.5 eV is also shown in Fig. 14, in being due to an intra-center transition associated with a
which the solid curve a the room temperature spectra and growth related multilevel defect complex. The fine details of
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It is important to be able to nondestructively characterize ("screen") the electrical properties of
those areas of HgCdTe eptaxial material that will later be made into devices. This paper
compam several noncontact techniques for measuring resistivity, carrier concentration and
mobility with the standard Hall-effect technique. The nocontact techniques examined are far-
infrared reflectio Raman scattering, eddy-current absorption, and electrorefiectance. Of these
techniques, far-infrared reflection was found to be the best noncontact technique for measuring
resistivity, carrier concentration, and mobility. Resistivity values were within a factor of 2 of Hall-
effect values, while carrier concentration and mobility values that depend on an assumed effective
mass were within a factor of 3. In Raman scattering, interference between the free-carrier
plasmon-phonon mode and other modes makes it an imaccurate method for estimating carrier
concentration. Eddy-current absorption is useful for quickly measuring epitaxial layer
resistivities to within a factor of 3 of Hall-effect values, while electroreflectance gives a relative
value for the surface doping density, which is useful in layer profiling.

L INTRODUCTION analysis and to compare techniques that measure the same

It is important to know the electrical properties of HgCdTe electrical parameteis.
starting material before it is processed into devices. The sta- Several of these techniques involve reflected light: i.e., far-

dard techniques for doing this, Hall-effect and capacitance- infrared reflection, Raman scattering, and electroreflec-
voltage testing. involve applying contacts to and pring tance. The skin depth for good -conductors 6 - c/

a small piece of the sample, which takes this region out of (2rswa) 1/2 varies inversely with the square root of the opti-
production and does not characterize the actual material cal conductivity and the square root of the frequency. Order-
used for device processing. of-magnitude values are - 100 A for the visible region exci-

This paper describes the use of far-infrared reflection, Ra- tations used in Raman and electroreflectance and
man spectroscopy, and eddy-current absorption to provide micrometers for the far-infrared reflection. The eddy-cur-
nonconta electri characterization of epitaxial HgCdTe rent absorption technique averages over the total layer thick-

so that the characterized material can still be used for device ness.

procesing. Electroreflectance data for carrier concentration
is also presented, since this technique requires ony a single II. FAR-INFRARED REFLECTION
edge contact. These techniques are all nondestructive and, Free-carrier absorption in a semiconductor is proportion-
except for eddy-current absorption, allow mapping of elec- al to (wavelength ),2 and in the far infrared it becomes strong
trical parameters over the area of the starting material, enough to be used to determine the resistivity, free-carrier

Far-infrared reflection has been used to estimate resistiv- concentration, and mobility. The far-infrared spectra were
ity, carrier concentration, and mobility in GaAs,I CdTe,2  taken at 300 and 77 K using a Fourier-transform spectrom-
and PbSnTe.3 The method is described in a review article,' eter covering the range from 10 to 250 cm- 1. The samples
and initial data for HgCdTe has been reported by one of the were both n- and p-type epitaxial layers of Hg - Cd.Te
present authors5 Eddy-current absorption is a standard with doping concentrations ranging from I0's to lo' cm- 3

noncontact technique used in the Si industry for measuring and compositions in the range x - 0.2 to 0.4. The samples
restivity in wafers.' In the Raman technique, a coupled were -0.5xO.ScmandwereusedforboththevanderPauw
plasmoua-phooon mode is excited in the surface region Hall-effect measurements and the far-infrared reflectance
(-100 A in depth). The mode frequency can be used to measurements.
determine the surface-region free-carrier concentration.-$ Typical data are shown in Fig. I, in which the dots are the
In the electroreflectance technique, the signal strength is measured data points and the solid line is a modeled fit to the
proportional to the surface-region doping density. Surface data. The least-squares fit to the reflectance comes from a
mapping of doping densities has been demonstrated for model for the complex index of refraction h that includes the
GaAL' The issues in the present work are to determine the free-carrier contribution, the lattice vibrational modes, and

efulnesu of these techniques for HgCdTe epitaxial layer defect vibrational modes. These are identified in Fig. I. The
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IL EXPERIMENTAL RESULTS

The derivative smrface photovoltage measurements (a} Si; n-tye

were performed on n-type silicon (100) substrates utilizing MOS

MOS structures The experimental system used is described z
elsewhere.' The MOS structures were made by evaporating a
400 A semitransparent old electrode on an oxide layer
(1000 A thick) grown on silicon by a standard dry oxidation Z
technique.'

Typical sub-band-gap derivative surface photovoltage
spectra (dV,/dE) obtained at 83 K are shown in Figs. I(a)
and 2(a) To obtain a good signal-to-noise ratio it was neces- U * I

sary to keep the modulation amplitude and the spectral slit 0.6 0.7 0.8 0.9
width of the monochromator fairly large (AA/-10-1 2

when using a Golay detector. The derivatives of the incident (b)
photon spectra of a tungsten iodide source for the same in-
strument and spectral region with comparable amplitude of f
modulation were obtained using a PbS detector. These are
shown for comparison in Figs. 1(b) and 2(b). With the sensi-
tivity of the PbS detector a much better resolution (A ,A /
A-2x 10 - ) is also possibe, as shown in Fig. 3.

The dominant structure in Fig. I(a) is due to the inter-
band transition near the indirect band gap of silicon with the
emission and absorption of phonons. It is similar to other
reported DSPV results.' The smaller structures, below 1.15 0.6 0.7 0.8 0.9
cV, may in principle be associated with the multiphonon ENERGY (eV)
absorption. However, they can also be considered to be a FIG. 2. (a) The derivative surface photovoltage spectra of silicon (T_ 83
manifestation of similar structures in the derivative of the K); (b) the derivative of the background spectra in the spectral range of 0.6-
background spectra do/dE, shown in Fig. 1(b). Comparison 1.0 eV; anplitude of modulatio (AA 1A - 10

- 2.

of Figs. 2(a) and 2(b) also suggests a strong correlation

between the structures in the DSPV and the derivative of the
background spectra near 0.65 and 0.9 eV. In fact, signatures

Si; n-ty(a) of the derivative of the background spectra are quite com-
_ M0S monly observed in the wavelength modulated spectra of the

T-83Kreflected and transmitted light beam, as predicted by the
theory of the corresponding wavelength modulation spec-
troscopy. These can be corrected for by subtraction of the
experimentally determined background.! In contrast, the
theory of the DSPV, as formulated in Eq. (1), is not consis-

1.0 1.1 . .

(b)

i "
.Z.

SI . I * I I I I I I

.0 1.1 1.2 1.3 0.6 0.7 0.8 0.9
ENERGY (eV) ENERGY (eVI

FIG. I. (a) Tw derivatsive smdafm pbotovolkap spectra of sicon (T- 83 FIG. 3. Derivative of the background spectra in the spectral range of 0.76-
k (bif thedeuivaton of the background spectrainthespectral raf l of 1.0- 1.0 eV usmn a u p. source ampltude of modulato IAA IA)

IJ5V;m, plitud a o asod/im (,,/A Im 10-. -xi0 -
3.
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tent with the above observation. In the next section we pres- dV, da(A) dlent our analysis of the theory of the DSPV spectroscopy, TA -dotT A

which shows that the DSPV spectra can contain signatures dT(A)
of the derivative of the background spectra, as well as other + o(A )F(A -
oss'ble sources of distortions in the various regions of spec-

tin dF(A)(6+ 10 (A )T(A )F(A- -. (6)

It must be added that, in order to incorporate the response of
the system to a time varying incident light intensity, the

IlL DERIVATIVE OF SURFACE PHOTOVOLTAGE (DSPV) above equation must be multiplied by a frequency response
The theory of surface photovoltage has been treated by a function G (o). 12 However, since this factor is to first-order

number of authors."t For the purpose of this study, the independence of the wavelength, it is treated here as a con-
changes in the surface potential of a semiconductor, V,, in- stant of proportionality.
duced by the light of intensity 1o and wavelength A may be In contrast to Eq. (1), Eq. (6) shows that the DSPV signal
written, for small signals (surface photovoltage < surface is not, in general, proportional to da/dA, and therefore its
potential), in the form" various terms introduce different degrees of distortion which

V( )A I (A)a(A ), (2) depend on the relative size of their spectral changes in the
spectral region of interest. The most notorious source of the

where distortion is the spectral changes of Io(A ), the background.
F= F(Loa.T.Efr?,n6jp,; The distortion introduced by I0 is present in all four terms of

X EEq. (6), but its effect is most dramatic in the second term,
SEn"r' e~iEp')" which containso/d. Tis term affects the DSPV spectra

F is a complicated function of diffusion length Lo, ab- in the near infrared region of spectra which corresponds to
sorption coefficient a, temperature T, Fermi energy Ep, bulk the sub-band-gap transitions in some semiconductors (e.g.,
carrier lifetime for electrons, holes, and concentrations ?,. Si GaAs), as well as in the ultraviolet region of the spectra

b'Pb,, respectively, deep levels energy E,, concentration n,, where the interband transitions occur.
photoionization cross sections o,, and a P, for electrons
and holes, respectively, and their thermal emission rates e.
and e., in the semiconductor, as well as the effective surface
recombination velocity S. The exact functional dependence IV. DISCUSSION: COMPARISON OF WAVELENGTH
of F on these parameters is not needed for our discussion; MODERATION PHOTORESPONSE AND WAVELENGTH
however, it is rather important to note its implicit wave- MODULATION ABSORPTION/REFLECTION
length dependence through (A )o',p(A ), and a P,(A ).I(A )i SPETOSCOPIES

-' the actual photon flux entering the space-charge region of The structure in the spectra of the transmittance T(A)
- the semiconductor. Quite often in the past, 1o(A ), which is the and its derivative dT/dA are caused by the spectral changes

incident photon flux illuminating the MOS structure, has of the optical constants in the metal and the insulating lay-
been used instead off (A ); thus, ignoring the spectral depen- ers, and the reflection coefficient of the semiconductor, as
dence of the transmittance through the metal and the insu- well as the interference patterns generated because of the
lating layers of the structure, I (A ) and IoA ) are related by interfaces. In the present MOS structure the optical proper-

(A) -,IOA)T(. (3) ties of Au, SiO2, and Si have to be considered. These factors

In esene, he aveengh dpenenc ofT(A) i du tothe are separately discussed below:
In essence, the wavelength dependence of T(A} i due to the (a) The spectral changes of the reflectivity of gold R (A),
spectral dependence of the absorption coefficient of the light as well as its logarithmic derivative dR IdA occur in the 2.0-
in the metal and insulator layers, the reflection coefficients at 5.0 eV region of the spectra and are primarily due to the d

.-, the interfaces, and the interference pattern due to the inter- band in Fermi-level transitions.'3 Structure in the spectrum
nal multiple reflections from the interface. of the derivative of its transmission coefficient in the 2.0-3.5

Combining Eqs. (2) and (3) we have eV region, have also been observed.

V - I10(A )T(A )aA )F(A ), (4) (b) The optical constants of the insulating layer (SiS 2)

which forms the basis of our analysis of the wavelength mo- are fairly smooth in the 0.5-4.5 eV region of the spectrum,"
and therefore are not expected to influence the line shapes of

dulation surface phofovoltage. the interband transitions.
If the wavelength of the incident light beam is modulat (c) The spectral changes caused by the interference pat-

ed atern depend on the thickness of the layers, their index of
A - A0 + A A es a, (5) refraction, and the spectral region of interest. Optical inter-

where A A and w are the amplitude and the frequency of ference patterns have been studied for the MIS structures
modulation, respectively, then the surface photovoltage with various thicknesses of Au and SiS 2 layers on silicon
V,(A) becomes a periodic function of time, V', substrates." The signatures of such interference patterns
(A0 +A A cos wt). For small A A, the derivative ofthemodu- have also been observed in the surface photovotage spec-
lated surface photovoltage is given by tra. 1
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(d) Finally, the spectral changes in the.R (A ) and dR/d yields unambiguous line shapes for the optical transitions,
of the Si substrate contribute significantly to the spectra of which are therefore easier to interpret. In WMA/R, the only

T(A ) anddT/dA, and hence to the DSPV spectra. The reflec- source of spurious signals is the background spectrum which
tivity of Si and its logarithmic derivative obtained by the can be completely removed in a systematic way, independent
wavelength modulation reflectance spectroscopy has been of the spectral responsivity of the detector. Finally, the
reported. ""'9 WMA/R is a nondestructive method which can be applied

It is therefore clear that the spectra of T(. ) and dT/dA directly to the bulk of the materials. In contrast, the WMPR
contain substantial structures that could significantly measurements often require fabrication of devices in the
change the line shapes of the absorption obtained from the form of MIS, p-n junction, or Schottky barriers which could
wavelength modulation surface photovoltage, as well as oth- result in the introduction of process related impurities or
er forms of wavelength modulation photoresponse spectros- defects into the samples, as well as the necessity of applying
cpines corrections for the optical properties of the materials used

In contrast to the wavelength modulation absorption/ for fabricating the structures.
reflection spectroscopy, removal of the background interfer-
ences IO$ ) and d10/dA from the DSPV spectra is very diffi- V. CONCLUSIONS
cult. To date, no systematic method for its subtraction has We have shown that contrary to the previous assump-
been suggested. We suggest a technique utilinng a double- tions, the DSPV in general is not proportional to the deriva-
beam system in combination with a reference optical detec- tive of the absorption coefficient. A general formulation of
tor and feedback loops to suppress the spectral changes of the DSPV was derived which revealed the various possible
oIA ) and d 0/dA, sources of spurious interference spectra. The effects of these

For this purpose, the light beam from the exit slit of the interferences on the line shapes of optical transitions were
monochromator in DSPV spectrometer needs to be split by a studied. A practical method for removal of the main source
beam splitter. Both beams can therefore be wavelength mod- of the distortions, i.e., the background, was suggested.
ulated at frequency W2. One of the beams can be used to
illuminate the DSPV sample, while the other beam can be ACKNOWLEDGMENTS
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It is important to be able to nondestructively characterize ("screen") the electrical properties of
those areas of HgCdTe epitaxial material that will later be made into devices. This paper
compares several noncontact techniques for measuring resistivity, carrier concentration, and
mobility with the standard Hall-effect technique. The noncontact techniques c tained are far-
infrared reflection, Raman scattering, eddy-current absorption, and electroreflectance. Of these
techniques, far-infrared reflection was found to be the best noncontact technique for measuring
resistivity, carrier concentration, and mobility. Resistivity values were within a factor of 2 of Hall-
effect values, while carrier concentration and mobility values that depend on an assumed effective
mass were within a factor of 3. In Raman scattering, interference between the free-carrier
plasmon-phonon mode and other modes makes it an inaccurate method for estimating carrier
concentration. Eddy-current absorption is useful for quickly measuring epitaxial layer
resistivities to within a factor of 3 of Hall-effect values, while electroreflectance gives a relative
value for the surface doping density, which is useful in layer profiling.

1. INTRODUCTION analysis and to compare techniques that measure the same

It is important to know the electrical properties of HgCdTe electrical parameters.

starting material before it is processed into devices. The stan- Several of these techniques involve reflected light: i.e., far-

dard techniques for doing this, Hall-effect and capacitance- infrared reflection, Raman scattering, and electroreflec-

voltage testing, involve applying contacts to and processing tance. The skin depth for good -conductors 6 = c/
a small piece of the sample, which takes this region out of (21rwa) "' varies inversely with the square root of the opti-

production and does not characterize the actual material cal conductivity and the square root of the frequency. Order-

used for device processing. of-magnitude values are - 100 A for the visible region exci-
This paper describes the use of far-infrared reflection, Ra- tations used in Raman and electroreflectance and

man spectroscopy, and eddy-current absorption to provide micrometers for the far-infrared reflection. The eddy-cur-
noncontact electrical characterization of epitaxial HgCdTe rent absorption technique averages over the total layer thick-
so that the characterized material can still be used for device ness.

processing. Electroreflectance data for carrier concentration
is also presented, since this technique requires ony a single II. FAR-INFRARED REFLECTION
edge contact. These techniques are all nondestructive and, Free-carrier absorption in a semiconductor is proportion-
except for eddy-current absorption, allow mapping of elec- al to (wavelength), 2 and in the far infrared it becomes strong
trical parameters over the area of the starting material. enough to be used to determine the resistivity, free-carrier

Far-infrared reflection has been used to estimate resistiv- concentration, and mobility. The far-infrared spectra were
ity, carrier concentration, and mobility in GaAs,' CdTe,2  taken at 300 and 77 K using a Fourier-transform spectrom-
and PbSnTe.3 The method is described in a review article," eter covering the range from 10 to 250 cm-'. The samples
and initial data for HgCdTe has been reported by one of the were both n- and p-type epitaxial layers of Hg, _Cd.Te
present authors.5 Eddy-current absorption is a standard with doping concentrations ranging from 10"s to 10 " cm -3

noncontact technique used in the Si industry for measuring and compositions in the range x = 0.2 to 0.4. The samples
resistivity in wafers.6 In the Raman technique, a coupled were -0.5 X0.5 cm and were used for both the van der Pauw
plasmon-phonon mode is excited in the surface region Hall-effect measurements and the far-infrared reflectance
(- 100 A in depth). The mode frequency can be used to measurements.
determine the surface-region free-carrier concentration.-' Typical data are shown in Fig. 1, in which the dots are the
In the electroreflectance technique, the signal strength is measured data points and the solid line is a modeled fit to the
proportional to the surface-region doping density. Surface data. The least-squares fit to the reflectance comes from a
mapping of doping densities has been demonstrated for model for the complex index of refraction h that includes the
GaAs.' The issues in the present work are to determine the free-carrier contribution, the lattice vibrational modes, and
usefulness of these techniques for HgCdTe epitaxial layer defect vibrational modes. These are identified in Fig. 1. The
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• equation used is 2 *.
N W~ .(2)

, j -W - irF 0(a+i/T)I / = - (3)

where the second term on the right-hand side is a summation m

over lattice and impurity vibrational modes, each centered at and

a frequency w, with a damping r and strength S, and the 1 4r

third term on the right-hand side is the free-carrier contribu- p = 2-- (4)

tion, which determines the plasma frequency w, and the e O

carrier scattering time r. These, in turn, determine the car- Figure I indicates that the dominant vibrational mode at 120

rier concentration, mobility, and resistivity by the expres- cm is the HgTe-like transverse optical mode, which we
:,." sions designate as j,.

:- - .nsThe electron effective mass values as a function of x, T,

and N were taken from work by Baars et al.,'" while a value
of 0.35 was used for the hole effective mass ratio. t
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III. RAMAN SCATTERING_T  "  UILIrv (1000 al V "  In Raman scattering, the plasmon-phonon mode pro-

X m duces a peak instead of a minimum. As in the reflectance-GA minimum analysis, the peak frequency can be used to deter-- 15 mine w and the free-carrier concentration.' For HgCdTe,
the peaks have been found to occur in regions where other
Raman modes make the identification of the plasmon-
phonon mode difficult and make it insensitive to carrier con-
centrations below 1016 cm - -. Raman scattering is sensitive

02to a surface layer - 100 A deep. This makes Raman spec-

C0AmeR CO#c. (10' c") troscopy potentially useful for measuring carrier concentra-
0.2 tions in ion-implanted materials, but it is too insensitive for

so so 9O 50 100 general epitaxial layer screening.
tUNC ,.oF MiMU (an-')

IV. EDDY-CURRENT ABSORPTION
FiG. 5. Calculated cam'rr concentration and mobility from it to far-in-
frared refectivity minimmun amplitude and frequency, for epitaxiui layer at In eddy-current absorption, a wafer is placed between an
77 K. withx- 0.2and thicknes 15Mm. rfsource and a pickup coil. The power loss due to eddy cur-

rents induced in the sample is proportional to the conductiv-
ity times the thickness of the layer.' Two commercial instru-

Comparisons of the resistivities, carrier concentrations, ments, 2 were tested, with similar results. Data in Fig. 6 show
and mobilities obtained by modeling the full far-infrared re- a variation between eddy-current and current-voltage resis-
flectance spectra and by Hall-effect analyses are shown in tivity values of a factor of approximately 3. In this case, the
Figs. 2, 3, and 4. The resistivity values agree within a factor current-voltage analysis was done on a small piece cleaved
of 2, while the carrier concentration and mobility data show off the edge of the wafer, while the eddy-current measure-
different systematic displacements at room temperature and ments were done on the remaining wafer, which could have
at 77 K, causing an increased data scatter. The use of more caused some of the data scatter shown.
accurate temperature-dependent values of effective mass is The eddy-current technique tests a large area, requiring a
expected to bring all of the far-infrared data to within a fac- mmum sample size of - 5/8 X 5/8 in. Both vendors sup-
tor of 2 of Hall-effect valuef. ply a standard resistivity meter and a high-sensitivity meter.

A simpler and faster method for determining the resistiv- The standard range is appropriate for bulk HgCdTe wafers,
ity, carrier concentration, and mobility is to determine the while the high-sensitivity range is needed for thin epitaxial
position and amplitude ofthe reflectivity minimum between layers. The technique does not have enough sensitivity to
the free-carrier region and the HgTe-like vibrational mode. indicate any absorption in CdTe semi-insulating substrate
This type of analysis has been reported for GaAs' and material. The measurements are simple and take only a few
CdTe.2 The minimum occurs at the frequency a., the lower seconds to perform, but their accuracy for determining resis-
coupled plasmon-phonon mode. If the mobility y is large, tivity is only within a factor of 3.
this is given by

-- W-)2 + 4l W2(1- e./E.1 2,(5) I

where w, is the dominant HgTe-like longitudinal optical lat-
tice frequency {w, = (e,/E )' 2w,} and e_ and e, are the
high-frequency and static dielectric constants, respectively. W
Parametric curves relating the carrier concentration and
mobility to the frequency and reflectivity amplitude at the a I

minimum have been calculated. An example for n-type 1-
HgCdTe with x = 0.2 at 77 K is shown in Fig. 5. Resistivi. a g * *
ties, carrier concentrations, and mobilities estimated in this
way are shown for room-temperature data in Figs. 2, 3, and U

4. While good results are shown in the figures, the accuracy 10"t

of this reflectivity-minimum analysis is lower forp-type ma- 1
terial than for n-type. Furthermore, multilayer structures,
such as those having an n-type skin on ap-type base, or layers/ •

with mixed conduction (as occurs in an intrinsic sample), do 10.2
not exhibit a well-defined minimum. Other structures in the 10-1 10-' 1.0 10
reflectance data can also interfere with the determination of p ('-cm) BY I-V
the location of the minimum, as is shown in Fig. 1. When a
distinct minimum can be seen, the analysis is quick and rea- FIG. 6. Resistivity measured by eddy-current and current-voltage tech.
sonably accurate. niques.

J. Vac. tel. Technol. A, Vol. 4, No. 4, Jul/Aug 1986
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, ,I wsemiconductor. For this study, the same samples were used
for both Hall-effect measurements and electroreflectance

0 measurements at room temperature. Full-temperature Hall-
0 0.1 0 effect data are needed for p-type samples, since the net dop-

,, ing density is not given by single-temperature Hall-effect

data in the transition region from extrinsic to intrinsic con-
_ 0.01 " ductivity.
S.Data in Fig. 7 show a good one-to-one relationship

I "0 between the free-carrier concentration as determined by the
0.001 Hall effect and the electroreflectance signal strength. The

a oscatter in the data is within a factor of approximately 2. The
S0data include both n- and p-type samples, with x values
0.0001 Iol between x = 0.2 and x = 0.35. The low scatter in the data

CAR RIER CONCENTRATION implies that the factor C in Eq. (6) is approximately con-

n/p (cmn) BY HALL EFFECT stant over this range in x.
The technique has been used in measuring relative free-

FIG. 7. Electroreectance signal strength as function of free-carier concen- carrier concentrations and in determining electrical junction
tration in sample. locations in double-layer devices that have been either bevel-

etched or step-etched. Photoreflectance techniques in which
light of above-band-gap energy is used to excite carriers that

The parameter of more importance is usually carrier con- induce a surface field may allow the measurements to be

centration. In Si, where mobilities can be accurately estimat- made without contacts and at low temperatures, as well."

ed for any given doping concentration, the resistivity mea-
surement can be used to give carrier concentration values by VI. CONCLUSIONS

*means of the relation p = Neu. In HgCdTe, the error in re- Of the techniques studied, far-infrared reflection gives the
sistivity multiplied by the uncertainty in the mobility pro- most complete and most accurate noncontact characteriza-
duces errors of over an order of magnitude in estimating tion of electrical properties. It can be used to determine resis-
carrier concentrations. This makes the technique less impor- tivity, free-carrier concentration and mobility, and to map
tant for HgCdTe than it is for Si. these values over the area of a wafer to be processed. The

agreement of the far-infiared values and Hall-effect values is
V. ELECTROREFLECTANCE within a factor of 2 for resistivity and within a factor of 3 for

Electroreflectance involves immersing the sample in an carrier concentration and mobility. More accurate tempera-

electrolyte so that an ac electric field can be applied to the ture-dependent effective mass values should bring the car-

surface. The ac field modulates the reflectance, giving a nor- rier concentration and mobility data to the same agreement

malized reflectance spectrum at a singularity in a band den- as is seen in the resistivity data. The data analysis using the

sity of state represented byt3  reflectivity minimum, while easier and faster than a full fit to

ARM - the data, at present does not work well for p-type or mixed-

-N-[ -Re (6) conduction samples.
* L [E. -E,0, + T 2  Interference of other effects with the plasmon-phonon

where AR. = ac reflectance; R d, reflectance; N = doping mode in Raman spectra makes this technique too inaccurate

density; V = ac modulation voltage; E, = energy of the sin- for general use in screening material for carrier concentra-
gularity; E, = incident light energy; n = 5 for the E, singu- tion values.

larity; 0 = a phase factor; r = a broadening factor; and C is Commercially available eddy-current resistivity equip-

a constant including the oscillator strength of the optical ment allows for the rapid measurement of this parameter for
transition. epitaxial HgCdTe layers, with the values agreeing within a

Experimentally, the reflectance signal from a photomulti- factor of 3 with current-voltage data. The technique is not

plier is divided and sent to an ac amplifier and to a dc amplifi- sensitive enough to screen semi-insulating CdTe substrates,

er; the latter is used in a feedback loop on the photomulti- however.

plier power supply to keep R de constant. The ac amplifier Electroreflectance signal strength can be used to give rela-

output is then proportional to A., IR d, The ratio removes tive doping density values at room temperature that are use-

any amplitude fluctuation effects in the signal due to the ful in mapping wafer uniformity or in profiling bevel-etched
lamp or the optics. A computer is used to fit the observed Or step-etched samples.
data to Eq. (6), with the signal strength (qNVC), , E,, and
r being the fitting parameters. The signal strength is propor-
tional to the net doping density N and independent of the ACKNOWLEDGMENTS
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ARSENIC GROWTH ON THE GALLIUM ARSENIDE SURFACE DURING OXIDATIOKO

R. Martin and R. Braunstein

Department of Physics, University of California,

Los Angeles, CA 90024

Abstract - Crystalline Arsenic was observed to grow on the surface of

GaAs during exposure to continuous-wave laser radiation. A study of

the time development of the Arsenic growth as revealed by Raman

backscattering indicated that a surface diffusion process was

responsible for limiting the growth process. Temperature measurements

were performed from which the diffusion barrier energies were obtained

for various GaAs samples. From these results the diffusion process was

shown to depend on the Fermi level of the sample.

Keywords: Raman scattering, oxide growth, surface diffusion, barrier

energies, GaAs, CdTe.
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1. -iN'ODUCTION

The growth of an oxide on a III-V compound semiconductor surface is

a topic of current research with both technical application and basic

physical interest. It was discovered by Schwarz, et al[1, that when

an anodic oxide layer is annealed at a suitable temperature, elemental

Arsenic appears on the sample surface. Some study of the dynamics of

Arsenic growth were pursued, however exact mechanisms have yet to be

ascertained. Raman backscattering has been used in the present work to

study the dynamics of the growth of crystalline Arsenic (c-As) on the

GaAs surface; the growth rate has a dependence on the square-root of

time. This type of time dependence is indicative of a diffusion

process. The temperature dependence of the diffusion rate was measured

on a variety of samples with different carrier concentration and

surface orientation to obtain the diffusion barrier energy E. The

results indicate a dependence of E on the Fermi level of the sample. A

similar effect occurs on the surface of CdTe in that with sufficient

heating elemental Te appears.
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2. EXPERIPIMrAL

By using S145X laser powers of 1-3 watts, with a spherical lens to

focus the light on the GaAs sample, it was found by Raman

backscattering that crystalline Arsenic forms on the surface. This is

apparent in figs. 1 and 2, where each Raman spectrum was obtained using

a low laser power of 0.5 watt. The sample was heated with the laser

between each run with a laser power of two watts for a duration of one

minute. Figure I is the spectrum of an unheated, doped sample and

shows both the unscreened LO phonon from the depletion region, and the

screened LO phonon from the bulk. Figure 2 shows the spectra from the

same spot on the sample but after the high intensity illumination. A

lower frequency peak is observed as well as a shoulder on the screened

LO phonon peak. These two new features are recognized to be the Raman

peaks of crystalline Arsenic (c-Arsenic)[i]. In the succeeding Raman

spectra from the same spot on the sample it was observed that these

Arsenic structures grew in intensity with the successive heatings via

the laser.

The kinetics of the c-Arsenic formation was monitored by setting

the spectrometer on the lower Arsenic Raman wavelength and recording

its intensity as a function of time. The results of such an experiment

is displayed in Fig. 3 where the abscissa is time and the ordinate is

the intensity of the Arsenic Raman peak. If the Raman intensity is

plotted as a function of the square-root of the time, the data is

represented by a straight line as seen in Fig. 4. From this it may be

concluded that a diffusion process is occurring.
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Arsenic growth on GaAs surfaces has been seen in connection with

oxide growth. The chemical reaction responsible for this is,

according to Schwarz[21:

(1) As203 + 2GaAs 4 Ga203 + 4As

That the As growth observed In the present work is a product of

oxidation was concluded by noting that the As did not grow under the

above experimental conditions in a vacuum. If indeed oxide was formed

it should have been possible to observe the oxide by Raman scattering;

however no As203 lines were observed. It may be that the As 203

evaporated off of the surface, considering the vapor pressure of this

compound (3], since these experiments were performed at temperatures of

400-5500 Kelvin. Or, at any given time the actual amount of As 203 is

too small to be seen if the reaction given above occurs very

efficiently. Ga203 has not been seen using Raman scattering on

oxidized surfaces and it is generally believed that its scattering

cross section is too small. If the reaction in equation (1) occurs,

then we are left with a surface wherein there is mainly crystalline As

and Ga2 0 The elemental As is thought to grow in the form of grains on

the surface and as yet the physical form of the Ga2 03 is undetermined.

On these same samples, Auger and ESCA analyses were performed to see if

Ga20 3 may be detected and to determine the chemical states of the As.

No shifts in the Ga ESCA peak were observed that corresponded to

binding with Oxygen. These results are inconclusive, since the actual

..... ....
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area where the laser-induced As growth occurs is relatively small, so

that ESCA signals from it may be too small to see.

3. DISCUSSION OF RESULTS

The process of oxide growth on GaAs is as yet not completely

understood. What is known is that there is a commonality of the

oxidation process among the majority of III-V compounds. III-V

compounds will be henceforth denoted by AB where A and B designate

column three and five elements respectively. What can occur is the

following: The Oxygen first attaches to the B species on the surface

due to the dangling bonds at this site. This may occur rapidly until

there are a few monolayers of oxide present. This structure then

becomes unstable since the A 203 binding is thermodynamically more

stable, leaving behind elemental B. In general[4], the A20 3 compounds

are more stable and less volatile than the B20 3 and B compounds.

Therefore, the B203 and B molecules will sublimate if there is not a

thick oxide layer to block this process. Furthermore, in order for

oxidation to proceed it is necessary for the B atoms to diffuse out of

said oxide layer in order to react with Oxygen, or, for the Oxygen to

diffuse inward through the layer to react with the surface. Various

experiments[S] using isotopes of Oxygen suggest that the Oxygen does

not diffuse in.

A GaAs sample was heated at 3000 C for an hour in an oxidizing

10 -

16- . N,
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atmosphere. Prior to the heating, Raman scattering revealed the

absence of elemental As on the surface. After the heating the Raman

spectrum revealed a small amount of amorphous As but no As2O3 . This

temperature was larger than any obtained by laser heating, yet, the

growth of crystalline As was not observed. Consequently, it is

indicated that laser radiation enhanced the reactions occurring on the

surface. Such enhancement has been observed elsewhere[6] in studies of

oxide growth on GaAs and Si. It is hypothesized that the incident

photons break bonds so that the surface reactions may occur more

hi.' rapidly. When crystallization of As proceeds from the amorphous state

a volume contraction of 177 occurs. Therefore, free surface must be

exposed during crystallization, so that the oxidation continues without

being limited by the diffusion of species through a thick oxide layer.

Two different factors, then, cause the enhancement of oxidation in the

laser heating process from the above considerations. The As atoms

created on the free, exposed surfaces diffuse toward the crystalline As

grains where they attach. This process is depicted in Fig. S. The

time dependence of the growth of the As peak yields information about

surface-constrained As diffusion.

'Diffusion in a solid occurs by the hopping of the atoms from site

to site. There is an energy barrier that must be overcome by the

diffusing atom as it moves from one site to a neighboring one. In

addition there is a certain attempt frequency associated with for the

atom's movement. By studying how the diffusion constant changes with

temperature it is possible to determine the barrier energy E. This was

" accomplished by obtaining curves similar to Fig. 4 using different

incident laser powers, and then finding the corresponding sample

. ... .... . .. - . ' '.
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temperatures. To find the temperature as a function of laser

intensity, the results of Chang[7J were used. Chang, et al., measured

the LO and TO peak positions of GaAs for varying temperatures. They

found a peak shift of 0.016 cm-/°K for both phonons. This result was

applied here by measuring the LO peak position as a function of

incident laser intensity. This data was reduced to obtain the graph of

temperature vs. laser power in Fig. 6. The straight line is the least

square fit of the data. By using the slopes of these graphs, and

assuming that the sample temperature at zero laser power is 3000 K, the

temperature for each laser Intensity used in the diffusion runs may be

obtained.

If the Arsenic atoms are diffusing towards the crystalline Arsenic

grains, then the results of the theory of the random walk are

applicable here. The root-mean-square distance from the origin a

, randomly walking particle has traveled in the time t is given by:

(2) r (4Dt)V2

where D is the diffusion constant. The diffusion constant has a

.temperature dependence:

(3) D = Doe -E/ kT

%W,. *p4U. (* .
W' ,U
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where E is the previously mentioned barrier energy. If the

crystalline Arsenic grains are acting as sinks for the diffusing atoms

then they must grow according to:

(4) NA(t) = Noc(4Dt) 2

where c is a constant, the interpretation of which will be discussed

later. No is the total number of Arsenic atoms generated in the

process. It is assumed that this does not vary with the sample since

the surfaces are rough enough so that the orientation is unimportant,

and because for the case of the doped sample, the concentration of

impurities on the surface is less than i/i0 of that of the intrinsic

atoms. If 10 and a are the incident light intensity and Raman

scattering cross section respectively, then the time dependence of the

crystalline Arsenic Raman peak is given by:

(5) lAI(t) = IoNoac(4Dt)V 2.

The plots of Raman intensity as a function of the square root of

time such as Fig. 4 then will have a slope equal to:

(6) IoNOac(4D)V2

d 

. r e e,
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The slopes of such graphs are taken for different temperatures of

4 the sample and then divided by incident intensity to yield the

normalized slopes:

(7) n = No0c4Do
e- E /k T ] V

By squaring and taking the logarithm of both sides of the above

equation we obtain

2 222 E
(8) log q log 4DoNOa c - k-T

2

which indicates that the slope of a plot of log n versus I/T will

yield the diffusion barrier energy E.

Table I lists the samples studied in the above described manner

with their measured barrier energies. The graphs corresponding to

equation 8 are displayed in Figs. 7-9. In these graphs the straight

line is the least square fit of the experimental data points which are

represented by the circles. By using radioactive tracer techniques,

Goldstein(8J determined that the barrier energy for Arsenic in the bulk

of a GaAs crystal is 10.2 ev. Since the barrier energies found in this



study are quite smaller than this, it is concluded that the diffusion

observed here is constrained to the surface. These barrier energies

may be compared with a result obtained by Schwarz(9], in a similar

Y ~ study, on c-As growth during annealing of an anodic oxide layer.

Schwarz[9J obtained a barrier energy of approximately 2 ev by measuring

the As peak intensity between successive anneals. The anneals for each

series were performed at different temperatures. Only the first part

of the As growth curve was obtained in this way. This part of the

curve corresponds to the steepest part of the curve in Fig. 3.

Schwarz[9] analyzed his data as linear in time to obtain the 2 ev

barrier energy. The analysis performed in the present study utilized

the whole curve and its observed dependence on the square- root of

time. Also, the c-As growth observed here took place in connection

with extreme light intensities. The energy measured by SchwarzE9) was

interpreted to be a reaction barrier energy. With consideration of the

results obtained here the 2 ev energy is interpreted to include an

approximately 0.4 ev diffusion energy plus an approximate 1.6 ev "true"

reaction barrier energy. The intense flux of 2.4 ev photons utilized

here, could help the reactants overcome the reaction barrier energy, so

that the diffusion part of the c-As growth is emphasized in the time-

dependent measurements. This process is consistent with the previously

noted enhancement of oxidation with extreme light intensities observed

by other workers(6.

Furthermore, this model explains the No in equation 3 as being

independent of temperature and laser light intensity. The temperature

independence is seen by the chemical reaction occurring through

Interaction with photons in order to overcome the reaction barrier

A. X' . -. *C' , 'r
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energy. Laser intensity independence occurs through the necessity of

Oxygen to encounter bare surface in order for the reaction to be

initiated. The amount of bare surface is limited by the c-As grain

size and the amount of Ga2 O3 present.

From table 1 it is seen that two of the sample surfaces had a (100)

orientation, however one was semi-insulating and the other was n-type

doped at approximately 2x10 18 charge carriers/cm3 . The difference in
Sbarrier energies could be ascribed to different charge states of the

N, diffusing Arsenic atoms[10]. The difference in the position of the

Fermi levels of the two samples will determine the charge state of the

surface defects. Equation 7 not only yields the barrier energy, but

also differences in the "sticking coefficient" c by using the

intercepts of the plots in Figs. 7-9. This is seen by noting that,the

intercept is equal to:

S.22
(9) log 4DoNoa c

If the other parameters are invariant with respect to sample then the

ratio of the sticking coefficients of the two samples may be found by:

(10) Int.(i) - Int.(2) = log S,. C2

The sticking coefficient for the n-type sample is found to be 3.8

.M"
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times as large as that of the semi-insulating sample. Again, the

charge state of the migrating Arsenic atoms could explain this, since,

there will be an image charge in the crystalline Arsenic grain when a

diffusing atom comes near. This image charge causes an attractive

force between the atom and the grain, hence the sticking coefficient is

larger. This also means that the Arsenic atoms on the semi- insulating

surface are neutral, while the atoms on the doped sample surface are

charged and are acceptors, since they became occupied with increase in

the Fermi energy. The above interpretation of the sticking coefficient

gains further support in that the intercept for the (111) sample was

roughly equal to that of the semi-insulating (100). By using the above

analysis as described in equation 9, this means that the two samples

.1' have equal sticking coefficients. The (111) sample is Chromium doped

and hence is also semi-insulating. Therefore, since its Fermi level is

in the same place, the Arsenic atoms on its surface are in the same

charge state as the (100) semi- insulating samples. A larger barrier
" *.d

energy for the (111) surface may be a result of a different morphology

at this orientation. Various structures have been observed on this

surface[3]. That these surfaces are good (100) or (111) planes is

arguable. They probably have many hills and valleys, so that,

ascribing to them properties associated with flat, planar surfaces of

Pd their respective orientations is only an approximation. The dominant

difference in barrier energy for the three samples may be interpreted

as being due to the charge state of the diffusing Arsenic atoms while

surface orientation may play a weaker role

A similar study to that of GaAs was performed on surfaces of CdTe

and HgCdTe when subjected to heat treatment. These measurements reveal

,%dp
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the growth of elemental Tellurium. The growth of Te is a major problem

when using Raman scattering to study these materials. At room

temperature relatively low incident light levels will induce its

*. growth. A time dependent growth curve for the Te peak on an initially

clean CdTe surface is shown in Fig. 10. There is a resemblance to the

curve of Fig. 3 for the growth of As on GaAs. It was found that if the

focusing of the incident light on GaAs were not done correctly, the As

growth curves had a rough appearance as seen in Fig. 10 for CdTe. At

only an empirically found critical distance between the focusing lens

and the sample, was a relatively smooth growth curve be obtained. This

is probably due to the size of the As grains, and possible over-

excitation of the sample due to too high a light intensity.

Sublimation effects may occur on an over-heated surface which will be

more pronounced with smaller grain size. A similar critical focusing

of incident light may exist for CdTe that would create smooth growth

curves for Te. The curve in Fig. 10 is suggestive that a diffusion

process is occurring for Te growth on CdTe that is like that of

As on GaAs. This would be the subject of future studies in this

laboratory.

4. CONCLUSIONS

The present study of the time dependence of the growth of c-Arsenic

during the oxidation of the surface of GaAs as monitored by Raman

backscattering indicates that a surface diffusion process rather than

.%1%
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bulk diffusion is operative for the production of elemental Arsenic.

An enhancement of the growth of c-Arsenic was observed due to S14SX

illumination. These measurements have shown that the surface diffusion

barrier energies and sticking coefficients involved in Arsenic grain

growth are determined by the charge state of the grains which is

determined by the Fermi level of the GaAs substrate. Preliminary

measurements on CdTe surfaces indicate similar results for the growth

of elemental Te. The present work indicates that Raman backscattering

is a useful tool for studying nucleation processes during interface

growth.
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Table 1

Samples and measured diffusion barrier energies.

Sample Barrier Energy (ev)

(100) semi-insulating 0.33

(100) n-type 0.SO

-,-(111) semi-insulating 0.43

.
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Figure Captions

Figure 1. GaAs Raman spectrum before intense illumination.

Figure 2. GaAs Raman spectrum after intense illumination.

Figure 3. Intensity of c-As Raman peak as a function of time.

Figure 4. Intensity of c-As Raman peak as a function of the square

root of time.

Figure S. Growth of c-As grains on a surface.

Figure 6. Temperature of sample versus laser power for (100) semi-

insulating GaAs.

Figure 7. Log q versus reciprocal temperatures for (100) semi-

insulating GaAs.

2

F ire 8. Log q versus reciprocal temperatures for (100) n-type GaAs.

Figure 9. Log ni versus reciprocal temperatures for (111) semi-

insulating GaAs.

Figure 10. Intensity of c-Te Raman peak as a function of time.
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DEEP LEVELS IN SEI-INSULATING,

LIQUID-ENCAPSULATED-aOCHRALSKI GROW GaAs *

M.R. BURD AND R. BRAUNSTEIN

Department of Physics, University of Calfornia

Los Angeles, CA 90024

Abstract - Photo-induced-transient-spectroscopy was performed on

variously heat-treated samples of semi-insulating liquid-encapsulated-

Czochralski grown GaAs. Seven deep levels at 0.57, 0.52, 0.42, 0.36,

0.27, 0.22, and 0.18 eV were observed. These levels can be identified

with levels seen using other deep level techniques and a variety of

crystal growth and sample preparation techniques. The levels at 0.52,

0.42, and 0.36 eV can be annealed out by heat treatment. These levels

therefore seem to be associated with structural defects rather than

* impurities.

Keywords: Photo-induced-transient-spectroscopy, deep levels, semi-

insulating, annealing.
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1. INTRODUCTION

The deep levels present in GaAs which have been prepared by various

growth techniques are of current technological and scientific interest.

Unforturnately, in many of the studies done on samples produced by a

particular growth method the measurement techniques used tended to

obscure some of the deep levels which may have been present at the time

of growth. For instance, the use of deep level transient spectroscop)

I1] requires the construction of a diode structure from the sample to

be studied causing the sample to be subjected to relatively high

temperature annealing. Such temperature treatment can remove or add

defects that give rise to certain deep levels, making them impossible

to study *in as grown material.

The purpose of this study was to investigate the deep levels

present in samples of liquid encapsulated grown Czochralski (LEC) (2)

semi-insulating GaAs. To accomplish this, photo-induced-transient

spectroscopy was used as the measurement technique for detecting deep

levels in the sample. This method was chosen for two reasons: First,

it is a technique for detecting deep levels in semi-insulating

material, and, second, the preparation of samples for this techinque

involves only a small amount of heat treatment allowing study of

annealable deep levels which may have been introduced during the growth

process.
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* Measurements were made on samples which had been subjected to a

variety of heat treatments with the purpose of giving some evidence

for possible defect structures which may be causing the deep levels.

Using these methods seven deep levels were observed with most of them

being readily identified with deep levels seen in other works

involving other deep level techniques.

2. EXPERINDITAL TEHNIOME AND SAMPLE PREPARAT ION

The method used to detect the presence of the deep levels in the

samples was photo-induced-transient spectroscopy [3]. This technique

involves pulsing a monochromatic light source at a sample of GaAs which

has a bias voltage applied across contacts on its surface. The

transient current which follows the termination of the light pulse is

then measured. If the trap being seen is an electron-like trap and the

light intensity .is sufficient so that a saturated condition is achieved

for the photo-current, then the form of the transient current becomes:

(S) i(t) = CNT en exp(-ent)

,- .

where en is the emission rate, NT is the trap concentration, and C is

a constant. When this equation is differentiated with respect to

temperature the following results:

0 J %
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21d6 1(t) den

(2) dT -C NT (i-en) exp(-ent) d-n

It can be seen that an extremum occurs when t=I/en. Therefore, by

choosing a time after the termination of the light pulse and plotting

the magnitude of the transient current as a function of temperature, a

series of peaks are obtained. Each peak corresponds to a different

deep level with the position of the peak occurring at a temperature,

Tm, where the level's emission rate is equal to the reciprocal of the

time chosen. By graphing the transient current values at different

times as a function of temperature, several values of Tm can be

obtained for the different values of the time, t. Assuming the form

for en [6] is:

(3) en =Yn T2 [a n- gn exp(a/k)] exp (-EA/kT).

where EA is called the activation energy and ana = (On, gn exp (/k))

is the apparant cross-section. A plot of log(T 2t) versus 1/T will

yield a straight line graph. The value for Yn has been determined to

be (.416 r3/2 h- 3 mn* k+2 ) [11l. For electrons this equals 2.28 - 1020

cm-2s-1k - 2 [6]. Putting in the effective mass term for holes vields a

value of 1.7 - 1021 cm-2s-lk-2 [S]. This straight line graph or the

N N combination of EA and ana (Upa for holes) is called the signature of

the deep level and is a method for identifying a deep level.

The photo-induced-transient spectroscopy (P.I.T.S.) apparatus [4]

consisted of a dewar in which the samples could be cooled to liquid

nitrogen temperature. There were windows in the dewar to allow the

light pulses from the two light sources used for this experimert to

%%
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strike the samples. The light sources used were a He-Ne laser and a

GaAs light emitting diode which gave light at energies greater than and

less than the band gap respectively. The temperature of the sample was

monitored by a thermocouple. The current through the sample was

measured as a voltage across a resistor which was placed in series with

the sample and the DC power supply which provided the bias voltage to

the sample. The apparatus was controlled and the temperature and

transient current were read by a CAMAC data acquisition system under

the control of an LSI-11/23 computer. A representation of the

transient current was obtained at each temperature by having

the computer read the voltage across the series resistor at several

regularly spaced times following each pulse of light. This allowed a

*... complete set of data to be obtained in only one temperature scan.

Figure 1 shows a block diagram of the P.I.T.S. apparatus while Fig. 2

shows the flow diagram for the computer program which controls the

system.

All of the samples used in this study were LEC grown GaAs and were

semi-insulating because of the deep levels which were caused by the

'V, growth process as opposed to being deliberately introduced into the

/:. samples by doping with materials such as Cr. One sample, M177,

however, did have a layer of GaAs grown on it by molecular beam

epitaxy. A summary of the treatment samples is presented in Table 1.

"A Samples M039, M040, and M25-2 had no heat treatment performed on

them until they had first been tested for deep levels; then the same

samples were annealed and redesignated M039 ann, M043 ann, and M25-2
S.,

ann. The annealing process involved raising their temperature in a

nitrogen atmosphere over a period of one hour from room temperature

.N. ,
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to 700K. They were left at this temperature for four hours and then,

over a period of one hour, their temperature was lowered back to room

temperature. After being tested for deep levels sample M039 ann was

givrn another heat treatment and redesignated M039 que. This

particular heat treatment involved raising its temperature to 700K

over a period of one hour. The sample was left at this temperature

for a period of three hours and then was cooled back down to room

temperature in approximately ten seconds.

Samples M2S-21, D9, M025 and M177 had ion-implanted electrical

contacts. This process involves masking the samples and implanting Si

ions Into the surface at extremely high concentrations such that the

conductivity becomes very large in the implanted regions. The samples

are then given a high temperature anneal to drive in the Si and remove

some of the damage caused by the implantation process. The electrical

contacts on all of the other samples were made by soldering In to the

,. surfaces of the samples with an ultrasonic soldering iron. The

soldering process was performed as quickly as possible in order to

minimize the amount of heating the samples were subjected to.

3. RESULTS AND DISCUSSIONS

The signatures of all the deep levels seen in all of the samples

tested are complied in Fig. 3, while a tabulation of which levels were

present in a given sample is displayed in Table 2. As can be seen

0 eI
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there Is a rich spectrum of deep levels in the samples which were not

subjected to any heat treatment, these being M039, M043, and M2S-2.

For several of the deep levels definite patterns of behavior can be

seen with regard to the heat treatment given the various samples. As

can be seen by comparing Fig. 4 to Fig. S, the difference between an as-

grown sample and the same sample after being subjected to heat

treatment Is quite significant. Table 3 shows a listing of all the

observed deep levels' activation energies and emission sections.

The level with an activation energy of 0.18 eV has a signature

which matches that of the deep level designated as ELIO and observed in

other studies (6). As can be seen in Table 3 it has a ana equal to 1.5

x 10-15 cm2 . The best identification of the level with the activation

energy of 0.22 eV is EL17 (8]. The level being an electron level

yields ana equal to 1.S x 10-1cm2 . The best fit to the signature of

0.36 eV occurs for the deep level designated as HL7 [5]. The hole

nature of the level yields 0 pa equal to 5.6 x 10- 13 cm2 .

The deep level listed in Table 3 with an activation energy of 0.56

eV has a signature which is an excellent fit to that of the level

designated in other studies as HL3 (S] yielding a apa equal to 1.4 -

10- 15 cm2 . This particular deep level has been found to correspond to

the presence of iron In the samples tested in other works. This is

supported here by the fact that the level appears in all of the

samples used in this study which gives greater weight to the level

being associated with a chemical impurity rather than just a crystal

imperfection. Another feature which supports this identification is

the presence of this level in the ?fBE sample M177. It is known that

iron is a fast diffuse in GaAs (7] and tends to migrate toward the

%%U'.
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surfaces of a sample. The presence of the 0.56 eV deep level in the

'4NBE sample would Imply that the iron-associated defect has migrated

from the LEC substrate into the M1BE layer during either the MBE
-.

process or the ion- implantation of the electrical contacts.

The deep level with a signature which most closely matches that of

the level with the activation energy of 0.42 eV is HBS which is

F'" believed to be the same level as HLS IS). This particular level is

thought to be associated with a native defect in the crystal. This is

supported in this study by the fact that it is readily annealed, as

can be seen in Table 2 since it does not appear in any of the heat

treated samples except M039 que. The fact that it reappears in the

quenched sample means that It can be easily reintroduced by "freezing

in" the high temperature concentration of these imperfections.

A multilevel defect complex with a resonant optical absorption

peak near 0.40 eV with two side lobes was previously observed in the

same samples of the present study using the sensitivity of wavelength

modulation absorption (9]. The peak magnitude and the detailed shape

as well as the side lobes of this structure varied from sample to

"' sample indicating that the structure is probably due to a defect

complex formed during growth and was not due to a multi-level

impurity. Heat treatment similar to that performed in the present

work showed that the spectra at 0.40 eV annealed out. These optical

experiments indicated that the structure is due to a defect or defect

complex with two main levels separated by 0.40 eV which may split into

-7
more levels or form complexes depending upon the nature of defects

immediate environment resulting from a previous thermal history. The

possible correlation of the 0.40 eV level observed in the previous
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optical work and the present P.I.T.S. measurements is intriguing.

However, an exact correlation between the levels observed by the

wavelength modulation absorption and the level detected by P.I.T.S.

must take into account the fact that the latter essentially yields

Information on the thermal emission from the level to the band, where

as the former gives Information about the intra-center transitions.

There is some difficulty in assigning a designation to the 0.27 eV

level in that its signature lies almost halfway between the signatures

of EL8 and HI2 IS]. Assuming it is one of the two and not a newly

seen level, the feature which lends more weight toward identifying it

as HL12 is that the level appears in all of the samples except the MBE

samples. HL12 has been seen in samples which contain zinc, a chemical

impurity, and is, therefore, not as likely to be affected by

annealing. As can be seen in Table 3 this identification results in

apa being equal to 3.8 10 - 1 5 cm2 .

The best candidate for the Identification of the deep level seen at

an energy of 0.52 eV is a somewhat unconventional band seen in samples

which have undergone ion-implantation using boron as the bombarding

ions (10). This boron-implantation produced defect structures which
N

were annealable and the energy band associated with them has a peak at

tempertures which agree with those seen for the level in this work.

Since there is most likely boron present In the samples used in this

study ii], and since the band is associated with boron the evidence

for associating the level seen in this work with the so-called U-band

reported in the literature (10] seems strong. The reason that this

defect produced a clear level in the samples studied here while a band

was seen in the samples which were boron- implanted would seem to be

m%
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due to the difference in the manner in which the boron was introduced

into the samples. The associated damage produced in the boron-

implantation process might be what caused this level to be broadened

into a band. This damage may not be present in the samples where the

boron was introduced during the growth process. Since it is not

possible to determine whether the level is hole-like or electron-like

with the P.I.T.S. both a apa and a ana are reported for it in Table 3.

4. CONCLUSIONS

Several deep levels were seen in samples of semi-insulating liquid

encapsulated Czochralski grown GaAs by photo-induced-transient

spectroscopy. Two of the levels one at 0.56 eV and the other at 0.27

eV appear in all of the LEC samples regardless of the heat treatment

they received and seem to be related to the presence of iron and zinc

impurities respectively. These are most probably due to accidental

introduction during the growth process since there was no intentional

doping of the GaAs used in this study. Most of the other deep levels

seen were correlated with levels seen by other investigators. The

levels at 0.52, 0.42, and 0.36 eV seem to be associated with structural

defects since they can be annealed out by heat treatment.

%®r
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TABLE I - DESCRIPTION OF SAMPLE PREPARATIONS

SAMPLE DESCRIPTION OF SAMPLE PREPARATION

D9 LEC-grown GaAs with ion-implanted contacts

M025 (note: there is extensive annealing as part

M25-2I of the Ion-implantation process).

.177 LEC-grown with MBE layer, ion-implanted

contacts (note: there is extensive heat

a.. treatment during both the MBE and ion-

implantation processes).

,039

M043 LEC-grown with In soldered contacts.

125-2

M039 ann LEC-grown and annealed at 700K for four

M043 ann hours with a one hour cool off, In-

. M2S-2 ann soldered contacts.
a.

1039 que LEC-grown and heat treated at 700K for

three hours with a fast cool off, in-

soldered contacts.

* bpi. . . . .. ,.,, . . ., ,- " . .. , , r. . . ,f . " , , ,, " ,,. ., . .,/.,,, . ,. . -. .- ,, ,, ,
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TABLE 2 - ACTIVATION ENERGIES OF DEEP LEVELS DE.ECTE BY PHOTO-INDUCED

TRANSIENT SPECTROSCOPY MEASUREMENTS

SAMPLE ACTIVATION ENERGY OF THE LEVEL (eV)

M25-2I 0.57 0.36 0.27 0.18

D9 0.56 0.36 0.28 0.22

M025 0.55 0.36 0.27 0.22

M177 0.56

M25-2 0.56 0.52 0.42 0.36 0.27 0.18

K039 0.56 0.52 0.42 0.36 0.27 0.22 0.18

M043 0.56 0.52 0.42 0.36 0.27 0.18

M25-2 ann 0.56 0.27 0.18

M039 ann 0.56 0.27 0.22

M043 ann 0.57 0.27

M039 que 0.56 0.42 0.27 0.22

9.

,,p
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TABLE 3 - ACTIVATION ENERGIES AND EMISSION CROSS SECTIONS

FOR DEEP LEVELS SEEN IN THIS STUDY

LEVEL IDENTIFIED ACTIVATION ENERGY (eV) EMISSION SECTION (cm2 )

HL3 0.S6 apa = 1.4 - 10- is

Boron defect 0.52 apa = 1.7 - 10
-
1
4

ana = 1.3 x 10-t3

HBS or HLS 0.42 0pa = 2.2 - 10 - 1 3

HL7 0.36 (7pa 5.6 fo- 13

HL12 0.27 Upa = 3.8 x 10

EL17 0.22 apa = 1.5 x 10-14

ELIO 0.18 na = 1.5 1 Is

*4-

pw ** -=.*- --- * ,
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FIGURE CAPTIONS

Fig. 1 Block diagram of the photo-induced transient spectroscopy

apparatus.

Fig. 2 Flow diagram of the computer program which operates the photo-

induced transient spectroscopy apparatus.

Fig. 3 Plots of log(Tm2t) versus reciprocal temperature for all deep

levels seen be photo-induced transient spectroscopy.

Fig. 4 Transient current vs. temperature for sample M039, t=40 msec,

Ne-Ne laser light source.

Fig. S Transient current vs. temperature for sample M039 ann t=40

msec, Ne-Ne laser light source.
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